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Abstract 
Purpose: Exercise intensity can be measured using objective markers, such as oxygen uptake 
(V̇O2), heart rate (HR) and power output (PO), and with subjective markers such as Ratings 
of Perceived Exertion (RPE). During traditional exercise testing and prescription settings, 
intensity is typically regulated using objective markers. However, in both examples, RPE 
offers an enticing option as an alternative method. For exercise testing this comes through the 
use of a maximal perceptually-regulated exercise test (PRETmax), and in exercise prescription 
through utilising RPE-guided training. Though, despite the potential advantages of the 
PRETmax and RPE-guided training, little evidence exists as to the application of these 
methods during upper body exercise (UBE). For able-bodied (AB) individuals, UBE provides 
an alternative to more common lower body forms of exercise, whilst for individuals with a 
disability affecting the lower limbs, UBE is the predominant form of both daily mobility and 
exercise. Therefore, in order to inform practice surrounding UBE testing and prescription, it 
is essential to understand more about the application of RPE.  
Methods: Chapter 4 investigated the submaximal and maximal responses to handcycle 
ergometry during PRETmax protocols using two (10 min total) and three (15 min total) minute 
stage durations. The variant using a two minute stage was subsequently used in Chapters 5 
and 6 to investigate the test-retest reliability of the PRETmax, and to compare peak responses 
to those from a ramp-incremented (RAMP) test. Chapter 5 utilised novice AB participants 
performing handcycle exercise, whilst Chapter 6 employed community-dwelling participants 
reliant on manual wheelchair propulsion performing arm crank ergometry. Following on from 
these studies into exercise testing, Chapter 7 investigated the efficacy and repeatability of 
using RPE as a primary method of exercise intensity prescription during four weeks of 
handcycle training in novice AB participants. Finally, Chapter 8 compared the differentiated 
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RPE responses to incremental manual wheelchair propulsion between untrained AB and 
trained wheelchair rugby players with, or without, cervical spinal cord injury (CSCI).  
Results: There were no differences in peak physiological responses between PRETmax of 
different durations, or when compared with RAMP, in AB and participants with a disability. 
Test-retest reliability of peak responses to PRETmax and RAMP were also similar within 
participant groups. The acute physiological response to RPE-guided training was 
synonymous with the description of moderate-vigorous intensity. RPE-guided training was 
also shown to produce a repeatable physiological response throughout the four week 
intervention. Untrained AB were shown to exhibit a perceptual dominance for exertion 
emanating from the peripheral working musculature (RPEP) compared to from the 
cardiorespiratory system (RPEC). This dominance was not evident in trained wheelchair 
rugby players either with, or without, CSCI. RPEP was greater in AB, and RPEC in 
wheelchair athletes without CSCI, respectively compared to those with CSCI.  
Conclusions: The PRETmax can be used as a valid and reliable protocol with which to 
measure peak exercise responses to UBE in AB and individuals with a disability. This thesis 
also supports RPE as a primary method of exercise intensity prescription during UBE in AB 
participants. However, RPE responses to UBE are shown to be impacted by the participant’s 
UBE training status, as well as by CSCI. These differences potentially manifest themselves 
through the role of afferent feedback in the generation of RPE. 
Keywords: perception, peripheral, central, testing, prescription, handcycle, arm crank, 
wheelchair propulsion, spinal cord injury 
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Chapter 1 
1 Introduction 
“Considerably more research should be directed towards rating of perceived exertion 
(RPE) measurements during upper body exercise (UBE)” (Sawka 1986, p. 200), given that 
perceptual awareness of psychophysiological information related to exercise intensity may be 
enhanced during exercise involving a small muscle mass. It can though be questioned, 33 
years on, whether suitable research exists to have advanced this statement. Simply, UBE 
provides an alternative to lower body exercise (LBE) to be able to study the differences in 
exertional responses when exercising a smaller muscle mass, as is typically found in the 
upper body of able-bodied (AB) participants. However, the implications for understanding 
RPE responses to UBE lie far greater than merely comparing exercise with larger, and 
smaller, amounts of active muscle. There is the potential to influence, more generally, how 
exercise intensity is prescribed, simplifying knowledge of exercise intensity and improving 
the health of the population. 
This is particularly relevant when considering those who have a spinal cord injury 
(SCI). Recent data collected by Spinal Injuries Association, Aspire and Back Up, three 
leading charities in the United Kingdom for SCI support, estimate that 2500 people are 
diagnosed with SCI each year, and that there are 50000 people in the United Kingdom living 
with SCI (Spinal Injuries Association 2019). The SCI population, however, are amongst the 
least active, displaying physical activity levels less than 40% of the AB population (van den 
Berg-Emons et al. 2010). This low level of physical activity therefore likely contributes to 
mortality following SCI being related to preventable factors, such as cardiovascular disease 
and type 2 diabetes mellitus (Garshick et al. 2005). Therefore, it is vital to conduct research 
that can help inform the implementation of physical activity and exercise in the SCI 
population. 
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Paramount to exercise prescription guidelines is the use of “moderate” and “vigorous” 
intensity, and that a certain weekly duration of exercise at those intensities will lead to health 
and fitness benefits in AB (Garber et al. 2011) and participants reliant on UBE, such as those 
with SCI (van der Scheer et al. 2017). However, for the community-dwelling individual (i.e. 
someone living independently in the community) with limited knowledge of physiological 
responses to exercise, how are they to know whether they are exercising within the range of 
moderate to vigorous intensity? There are documented thresholds (Garber et al. 2011), but 
use of these rely on being able to make physiological measurements, for example of oxygen 
uptake (V̇O2), during exercise. Again, the community-dwelling individual will not have the 
capability of doing this due, but not limited, to not having the required equipment, or 
possessing the skills needed to operate the equipment and interpret the data. In contrast, RPE 
potentially offers an accessible form of exercise intensity prescription. For both AB, 
performing LBE or UBE, and people with SCI, using RPE is a simple to understand, 
inexpensive and easy to implement. However, within AB (Garber et al. 2011) and SCI (van 
der Scheer et al. 2018) populations there is currently little evidence to support the use of RPE 
as a primary method of exercise intensity prescription. 
 Despite this lack of evidence, when observing exercise environments such as 
community gyms, information related to using perceived exertion for gauging exercise 
intensity can be found (Table 1.1). Even with the absence of supporting evidence, it is 
fascinating the descriptions given to the apparent subjective feelings that occur at different 
levels of exercise intensity, and the cues that people are directed to focus on. However, the 
evidence base behind such statements must be considered before they can be supported for 
implementation on a large scale within the general public. How these relate to UBE and for 
people with and without disabilities are further factors that must also be considered. 
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Table 1.1: Reproduction of information displayed at a Loughborough gym for gauging 
exercise intensity. 
 
1.1 Thesis aims and outline 
The main aim of this thesis was, therefore, to provide scientific evidence to the 
application of using subjective RPE for regulating and informing the prescription of UBE 
intensity. To help satisfy the aim, the main goals of the thesis were: 
• To assess the validity of the physiological response to UBE when intensity is prescribed 
using a subjective measure of RPE, compared to a traditional, objective measure of 
exercise intensity. 
• To assess the reliability of the physiological response to self-regulated UBE. 
• To assess the above constructs within the settings of exercise testing and exercise 
prescription in both AB and participants with disabilities.  
• To investigate the impact of SCI and training status on the differentiated RPE responses 
to UBE.  
Intensity How you will feel 
0 - 49% Completely comfortable. This is how you normally feel when you’re 
resting. 
50 - 59% Exercise at this level is enjoyable and light, easily maintained for upwards 
of 60-120 minutes without fatigue. 
60 - 69% You’re starting to feel winded, but still able to sing a song or easily recite 3-
4 sentences. Muscles are warmed up and light sweating is likely. 
70 - 79% Breathless, but able to speak a sentence of 4+ words. Muscles may “burn” 
slightly due to a small amount of excessive metabolic by-product build-up. 
You can sustain this activity for 20-60 minutes. 
80 - 89% Breathless, with difficulty saying more than 2-4 words in a row. Your hard 
working muscles will “burn” due to metabolic by-product build-up. 
Additional mental focus is required. 
90 - 100% You are pushing yourself to your limits and can only sustain this activity for 
a short duration of time. Because of excessive metabolic by-product build-
up in your muscles, you will fatigue easily. 
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A literature review follows in Chapter 2, providing an outline of the existing 
evidence regarding RPE during UBE for AB and SCI, within the contexts of exercise testing 
and exercise prescription. Chapter 3 presents the general methods which are employed 
throughout the thesis. Five experimental chapters are then presented (Chapters 4-8), which 
investigate RPE during UBE assessment and prescription in accordance with the aims of the 
thesis. A schematic of the studies is presented in Figure 1.1. The initial studies were 
concerned with the use of RPE during exercise testing. In Chapter 4 (Study 1) the maximal 
perceptually-regulated exercise test (PRETmax) protocol was investigated, and specifically if 
the duration of the stages comprising the test had a significant impact on submaximal and 
peak physiological responses in AB participants. In Chapter 5 (Study 2) and Chapter 6 
(Study 3) the test-retest reliability of the PRETmax was investigated, with peak responses 
between PRETmax and a traditional graded exercise test also compared. In Chapter 5 (Study 
2), AB participants performed handcycle exercise, with Chapter 6 (Study 3) studying 
participants with a disability reliant on manual wheelchair propulsion, during arm crank 
exercise. For Chapter 7 (Study 4) the focus shifted to exercise prescription, and to whether 
RPE-guided training led to a moderate to vigorous intensity physiological response, in 
accordance with exercise prescription guidelines. In the final experimental chapter, Chapter 
8 (Study 5), the differentiated RPE responses to incremental wheelchair propulsion were 
compared between AB and trained wheelchair rugby players with either a cervical SCI, or a 
different disability, such as amputation or cerebral palsy. Therefore, Chapter 8 (Study 5) 
aimed to investigate the impact of SCI and training status on the differentiated RPE responses 
to UBE. The thesis concludes with a General Discussion (Chapter 9) of the main findings, 
their contribution to the field, as well as avenues for future research. 
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Figure 1.1: Schematic representation of the experimental studies within this thesis. 
Study 1 
Comparison of physiological 
responses to perceptually-regulated 
handcycle exercise testing of 
different duration. 
Study 2 
Assessment of peak oxygen uptake 
during handcycling: Test-retest 
reliability and comparison of a ramp-
incremented and perceptually-
regulated exercise test. 
Study 4 
Acute physiological responses to 4-
weeks handcycle training at RPE 13 
in novice able-bodied participants. 
Study 3 
Peak oxygen uptake measured during 
a perceptually-regulated exercise test 
is reliable in community-based 
manual wheelchair users performing 
arm crank ergometry. 
Study 5 
Spinal cord injury and training status 
impact the differentiated RPE 
response to incremental wheelchair 
propulsion. 
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Chapter 2 
2 Literature Review 
2.1 Exercise prescription 
It is well established that greater levels of cardiorespiratory fitness (CRF), as measured 
by maximal oxygen uptake (V̇O2max), are associated with a decreased risk of all-cause, and 
disease-specific mortality (Blair et al. 1989; Harber et al. 2017). Furthermore, CRF appears to 
be a better predictor of mortality compared to traditional risk factors for cardiovascular 
disease such as hypertension, smoking status, and diabetes (Myers et al. 2002). Given the role 
of V̇O2max in both health and performance, there is a need to have valid and reliable protocols 
with which to measure it. Though maximal exercise testing is required to measure an 
individual’s CRF, focus must also be given to methods aimed at improving V̇O2max, such as 
exercise training. Whilst there is individual variation in the response, V̇O2max is known to 
increase with training regardless of age, sex, race, or baseline level of CRF (Skinner et al. 
2001). The “exercise as medicine” mantra also highlights how exercise can contribute to the 
treatment of psychiatric, neurological, cardiovascular, pulmonary, metabolic and 
musculoskeletal diseases, as well as cancer (Pedersen and Saltin 2015).  
2.1.1 Physical activity guidelines for able-bodied adults 
 Given the importance of  physical activity for a myriad of health conditions (Pedersen 
and Saltin 2015), it is imperative to have evidence-based guidelines describing the minimum 
level of activity required in order to gain the activity-induced benefits. It is also important 
that guidelines are specific and tailored to the population at which they are targeted, for 
example AB and disabled populations. Throughout this thesis, “disabled” refers to the 
presence of an impairment that impacts on the physical function of an individual, for example 
due to SCI, whereas AB refers to the absence of such an impairment. 
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The American College of Sports Medicine (ACSM) recommend that AB adults 
engage in a minimum of 150 min·week-1 of moderate intensity cardiorespiratory physical 
activity, a minimum of 75 min·week-1 of vigorous intensity training, or a combination of both 
(Garber et al. 2011). These recommendations are also endorsed by the World Health 
Organisation, with the additional instruction that the activity be performed in bouts of at least 
10 min duration (World Health Organisation 2010). Furthermore, additional health benefits 
can be gained by doubling the dose to 300 min·week-1 moderate, and 150 min·week-1 
vigorous intensity activity, respectively (World Health Organisation 2010), and by 
incorporating muscle-strengthening resistance training (Pedersen and Saltin 2015). 
Specifically, physical activity is defined as a bodily movement of the skeletal muscle that 
results in energy expenditure (Caspersen et al. 1985). In the United Kingdom, the Chief 
Medical Officer’s guidance on physical activity levels reflects similarly those of the World 
Health Organisation, whilst also recommending that adults minimise the amount of time that 
they spend being sedentary (Department of Health and Social Care 2011). Sedentary 
behaviour is operationally defined as any waking behaviour characterised by an energy 
expenditure less than or equal to 1.5 metabolic equivalents in a sitting, reclining or lying 
position (Tremblay et al. 2017). An adult with an insufficient level of physical activity to 
meet recommendations would subsequently be classed as physically inactive (Tremblay et al. 
2017). Such definitions therefore make it possible for a person to be physically active, when 
also displaying a large amount of sedentary behaviour. 
2.1.2 SCI-specific exercise guidelines 
 The above guidelines highlight the recommended minimum dose of physical activity 
for AB adults, and are not specifically tailored to individuals with SCI. Adults with SCI as a 
population are among those with the lowest level of physical activity (van den Berg-Emons et 
al. 2010), and have significantly reduced levels of CRF, partly due to pathophysiological 
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consequences of their disability (Haisma et al. 2006). Despite this, exercise training is 
effective in improving CRF and health outcomes in adults with SCI (Valent et al. 2007; Hicks 
et al. 2011; van der Scheer et al. 2017). However, along with considering the physiological 
consequences of SCI, there are also significant psychological and sociological barriers to 
performing exercise for adults with SCI (Williams et al. 2014). The combination of these 
factors subsequently necessitates the formulation of SCI-specific exercise guidelines. 
 Initially developed in 2011 (Martin Ginis et al. 2011) and subsequently updated in 
2017 (van der Scheer et al. 2017; Martin Ginis et al. 2018), the recommendation for adults 
with SCI is to perform at least 20 min moderate to vigorous aerobic exercise, and resistance 
training of the major muscle groups, twice weekly in order to improve CRF. For improving 
cardiometabolic health it is recommended adults with SCI engage in at least 30 min moderate 
to vigorous aerobic activity 3 times a week (van der Scheer et al. 2017; Martin Ginis et al. 
2018). Within the SCI guidelines is the specific use of “exercise”, rather than physical 
activity. Exercise is a subcategory of physical activity that is planned, structured, and 
repetitive with the objective of improving one or more aspect of physical fitness (Caspersen 
et al. 1985). The relevant definitions of physical activity, exercise, physical inactivity and 
sedentary presented herein will subsequently be utilised throughout this thesis. 
2.1.3 The role of exercise intensity 
 Exercise prescription guidelines describe the dose of exercise that is required to 
improve health outcomes and CRF. Fundamental to all guidelines is the classification of the 
exercise intensity, for example as “moderate” and “vigorous”. The criteria for these 
classifications, according to the ACSM are shown in Table 2.1. Though the total training 
volume (duration x intensity) is important for overall adaptation, the exercise intensity is 
emphasised as a key determinant of physiological responses to training (Garber et al. 2011). 
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It has been repeatedly been shown that higher intensity exercise leads to greater physiological 
adaptation than moderate intensity exercise (Swain 2005; Milanović et al. 2015; MacInnis 
and Gibala 2017), even when the total training volume is significantly reduced (Gillen et al. 
2016). Performing vigorous, rather than moderate, intensity exercise has also been shown to 
associate with lower risk of all-cause mortality (Lee et al. 1995; Shiroma et al. 2014).  
Table 2.1: Classification of exercise intensity according to the American College of Sports 
Medicine (Garber et al. 2011). 
 % V̇O2max % HRmax % HR reserve RPE (6-20) 
Very light < 37 < 57 < 30 < 9 
Light 37-45 57-63 30-39 9-11 
Moderate 46-63 64-76 40-59 12-13 
Vigorous 64-90 77-95 60-89 14-17 
Near maximal to maximal ≥ 91 ≥ 96 ≥ 90 ≥ 18 
HR: heart rate; HRmax: maximum heart rate; RPE: rating of perceived exertion; V̇O2max: maximal oxygen uptake 
Given the contributory role of exercise intensity in training adaptation, it follows that 
valid and reliable methods are required with which to monitor intensity during an exercise 
session. Currently the recommendation is to use direct measurements of V̇O2 and heart rate 
(HR) during exercise to provide accurate, individualised exercise prescription (Garber et al. 
2011). Such methods do provide objective and reliable markers of intensity but have limited 
use away from a controlled laboratory environment. Hence, there is an under-appreciation for 
the importance of ecologically valid methods for regulating exercise intensity. Equipment for 
monitoring V̇O2 during exercise is typically only found in laboratory settings, whilst also 
requiring technical expertise for its operation and data interpretation. This makes it an 
inaccessible form of exercise intensity regulation in a community-dwelling setting. To control 
training based on percentage of V̇O2max is also predicated on the knowledge of an individual’s 
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maximal response. This would require participants having to periodically perform an exercise 
test in order to define intensity thresholds and maintain an adequate training stimulus as CRF 
improved. This may deter participants from becoming involved in a structured training 
programme. Conversely, HR is more easily monitored and interpreted but requires equipment 
that could be deemed expensive and unnecessary by those that are not involved in more 
organised training. For those with a high-level SCI, impaired sympathetic innervation of the 
heart (Krassioukov 2009) further reduces the validity of using HR as a method of exercise 
intensity regulation in this population (van der Scheer et al. 2018). Therefore, though the 
recommendation is to use direct measures of V̇O2 and HR during training to improve the 
accuracy of exercise intensity prescription (Garber et al. 2011), this may not be feasible in a 
free-living, community-dwelling environment. Given that RPE requires no technical 
equipment, there is the potential that it could be used to prescribe exercise intensity, though 
currently there is insufficient evidence to support this practice (Garber et al. 2011). 
2.2 Upper body exercise 
 Understanding the physiological and perceptual responses during UBE is important 
for individuals for whom UBE provides the primary form of both mobility and exercise, due 
to injury or disability preventing them performing LBE. Furthermore, though LBE examples 
are more common, there are AB sportspeople that rely on UBE modalities, for example in 
canoe and kayak sports. For an AB person, athlete or otherwise, that sustains a lower limb 
injury they may also wish to perform UBE as an alternative until their recovery is complete.  
2.2.1 Physiology of lower and upper body exercise 
 When comparing peak exercise responses, the peak oxygen uptake (V̇O2peak) 
measured during UBE is typically 60-70% of that achieved during LBE (Sawka 1986; Sawka 
and Pandolf 1991; Larsen et al. 2016). This difference is even apparent in cross-country 
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skiers, who exhibit highly trained upper and lower body musculature (Calbet et al. 2015). It 
has been found that peak HR (HRpeak) and stroke volume are reduced by 4% and 20% during 
UBE, meaning that peak cardiac output during UBE is 77% of that measured during LBE 
(Calbet et al. 2015). A significantly reduced cardiac output during UBE will contribute to the 
reduction of V̇O2peak, in accordance with the Fick principle, which states that V̇O2 is the 
product of cardiac output and the arteriovenous oxygen difference (Fick 1870). 
The smaller V̇O2peak with UBE also appears to be due to the smaller amount of active 
muscle mass (Sawka 1986) and reduced oxygen extraction capability of the upper body 
musculature (Rasmussen et al. 1975; Ahlborg and Jensen-Urstad 1991; Volianitis and Secher 
2002; Calbet et al. 2005). The reduction in oxygen extraction is related to the reduced 
vascular conductance during UBE (Calbet et al. 2015). In turn, the decrease in vascular 
conductance appears due to an increase in mean arterial pressure during UBE, caused 
primarily by an increase in diastolic blood pressure, as a result of increased sympathetic 
nervous system activation with UBE (Calbet et al. 2015). 
Additional explanations for the reduced exercise capacity of the upper body have 
included reduced oxidative capacity and capillarisation of the upper body musculature, as 
well as differences in muscle fibre composition (Sawka 1986). Muscle fibres are classified 
according to their myosin heavy chain isoform, with Type 1 fibres typically displaying 
greater oxidative capacity compared to Type 2 fibres. Consequently, it has been shown that in 
trained cross-country skiers the triceps brachii contain a greater proportion of Type 2, and 
lesser proportion of Type 1 fibres, compared to the vastus lateralis (Ørtenblad et al. 2018). 
Regarding the oxidative capacity of the upper and lower body musculature, increased activity 
of citrate synthase and 3-hydroxyacyl-CoA dehydrogenase in the vastus lateralis compared to 
the triceps brachii have been found (van Hall et al. 2003), thus indicating greater oxidative 
capacity in the lower body. This finding though has subsequently been challenged by that of 
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no difference in citrate synthase activity between upper and lower body muscles (Ørtenblad 
et al. 2018). Specifically, citrate synthase and 3-hydroxyacyl-CoA dehydrogenase are 
important for carbohydrate and fat metabolism, respectively. Therefore, though findings over 
citrate synthase activity appear equivocal, decreased 3-hydroxyacyl-CoA dehydrogenase in 
the upper body would suggest a reduction in fat, and greater dependence on carbohydrate, 
metabolism of the upper body muscles. This likely explains the increased respiratory 
exchange ratio (RER) during UBE compared to LBE (Glaser et al. 1979). Interestingly, 
despite the differences in muscle fibre isoform between the arms and legs, the mitochondrial 
volume shows no difference in well-trained upper and lower body muscles (Ørtenblad et al. 
2018). Type 2 fibres showing similar mitochondrial volume and oxidative capacity as Type 1 
fibres is a demonstration of significant metabolic plasticity of muscle fibres. This is further 
supported by findings of similar capillarisation (total number of capillaries, and capillaries 
per fibre) between highly trained arm and leg muscles (Ørtenblad et al. 2018). Therefore, 
differences in performance between UBE and LBE are likely due to the different training 
status of the exercising muscles, as well as in active muscle mass, and not necessarily a 
difference in muscle fibre type distribution. 
2.2.2 Upper body exercise: peak versus maximal oxygen uptake 
 The V̇O2max is the maximal amount of oxygen that the body can take up and utilise 
and is a gold standard measure of CRF. A phenomenon paramount to the definition of V̇O2max 
is the presence of a workload, upon which a subsequent increase does not lead to an increase 
in V̇O2, thus there is a plateau in the V̇O2 response (Hill and Lupton 1923). However, with 
the emergence of time-efficient, continuous, graded exercise tests (GXT) lasting 8-12 min, 
concern has been raised over whether these provide an accurate measure of a participant’s 
V̇O2max (Poole and Jones 2017). During a GXT to exhaustion, while the V̇O2 plateau can be 
observed, a continued linear response, or acceleration of V̇O2 are also evident in some cases 
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(Smith et al. 2006; Poole and Jones 2017). The prevalence of a V̇O2 plateau in AB can be 
anywhere from 50-100% of cases (Howley et al. 1995), though it has been reported to be as 
low as 17% (Day et al. 2003; Rossiter et al. 2006). Furthermore, a review of exercise testing 
in participants with SCI reports the prevalence of V̇O2 plateau to be 60-100% (Eerden et al. 
2018), though in athletes with tetraplegia it may be as low as 30% (Leicht et al. 2013). In the 
absence of a confirmed V̇O2 plateau, this has led to researchers using the term V̇O2peak as 
opposed to V̇O2max, with the peak value being defined as the greatest achieved in that 
particular test (Poole and Jones 2017). 
 To confirm the measurement of V̇O2max in the absence of a V̇O2 plateau, researchers 
have implemented a supramaximal verification phase (VER) performed at a workload greater 
than that at which a preceding GXT terminated (Midgley et al. 2006; Midgley and Carroll 
2009). Insignificant differences in V̇O2 between GXT and VER support the ability of VER to 
confirm V̇O2max (Midgley and Carroll 2009). Given that VER are short in duration (3-6 min) 
there has therefore been a call to include this stage in all studies using maximal exercise 
testing, to negate the need to use the term V̇O2peak (Poole and Jones 2017). However, this 
recommendation may not be suitable for UBE modalities. The V̇O2max can only be achieved 
during exercise involving a large muscle mass, such as running, cycling or swimming (Poole 
and Jones 2017). As previously noted, for UBE involving a smaller musculature the maximal 
measured V̇O2 is smaller than that obtained during LBE (Sawka 1986; Sawka and Pandolf 
1991; Larsen et al. 2016). As such, for UBE modalities it would in fact still be appropriate to 
use the term V̇O2peak. Therefore, this thesis will use the term V̇O2peak when referring to UBE, 
and using V̇O2max in reference to LBE. 
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2.2.3 Upper body exercise modalities 
 Wheelchair propulsion 
Manual wheelchair propulsion (MWP; Figure 2.1a) is the predominant form of 
mobility for daily wheelchair users (van der Woude et al. 2001). MWP is also the mode of 
exercise for the sports of wheelchair basketball, racing, rugby and tennis. It is a discontinuous 
form of exercise comprising i) an active phase where the hands couple with the push rim of 
the wheel to provide a propulsive force and ii) a recovery phase to return the hands to the 
point of contact with the push rim (van der Woude et al. 2001). The intermittent nature of 
force production during MWP makes it an inefficient form of locomotion, with gross 
mechanical efficiency reported to be between 8-10% for daily ambulation (van der Woude et 
al. 1988; Lenton et al. 2008).  
Arm crank ergometry 
 Arm crank ergometry (ACE; Figure 2.1b) is a more efficient form of locomotion than 
MWP, providing reduced physiological, mechanical and musculoskeletal strain (van der 
Woude et al. 2001). Arm crank ergometers are typically found in gym and rehabilitation 
settings so are a common form of exercise, rather than of mobility. Though ACE can be 
performed using a synchronous or asynchronous crank strategy, for this thesis ACE is 
characterised as being an asynchronous activity as that is the set-up adopted in most 
recreational gyms. The mechanical efficiency of ACE has been shown to be 16-18%, which 
is significantly greater than that of MWP (Martel et al. 1991; Goosey-Tolfrey and Sindall 
2007). As such, when ACE and MWP are performed at an equal power output (PO), the V̇O2, 
ventilation rate (V̇E) and HR are significantly lower during ACE (Smith et al. 1983; Sedlock 
et al. 1990). However, at an equal level of relative V̇O2, the absolute PO is greater during
 17 
 
Figure 2.1: Pictorial representation of a) MWP, b) ACE and c) HC exercise modes.
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ACE compared to MWP (Sedlock et al. 1990), subsequently allowing participants to reach 
greater levels of maximal PO during ACE (Martel et al. 1991). 
Handcycle exercise 
Handcycle exercise (HC; Figure 2.1c) is a crank-propelled form of exercise, as with 
ACE, yet typically uses a synchronous cranking technique. Because HC can be used outdoors 
this synchronous cranking strategy is preferred as it enables better steering of the user-
interface during exercise. As a sport or recreational activity HC can be performed in a 
recumbent or kneeling position. To aid daily mobility, there are also units available to clip 
onto a standard manual wheelchair to convert it into an adapted handcycle. In comparison to 
MWP, HC offers the same benefits of ACE in that it reduces the overall strain on the 
participant (van der Woude et al. 2001). However, the mechanical efficiency of a 
synchronous cranking strategy (HC) is slightly lower than an asynchronous (ACE) technique 
(14-15% versus 16-18%), meaning that the V̇O2 is greater during HC for the same PO 
(Hopman et al. 1995; Goosey-Tolfrey and Sindall 2007). 
2.3 Anatomy of the spine 
 The spine is comprised of the spinal column and spinal cord. Thirty-three vertebrae 
make up the spinal column, which is split into cervical (vertebrae n = 7), thoracic (n = 12), 
lumbar (n = 5), sacral (n = 5) and coccygeal (n = 4) regions (Figure 2.2). The cervical region 
is most proximal to the brain with the coccygeal region being most distal. Within each 
segment, vertebrae are also numbered from proximal to distal. The spinal cord is a bound 
bundle of nerve fibres that extends from the brain to the second lumbar vertebra, below which 
point the nerve fibres are unbound, forming the cauda equina (Tweedy and Diaper 2010). The 
spinal cord contains 31 spinal segments, where nerves arise from the spinal column 
(Kirshblum et al. 2011). There are 8 cervical spinal segment roots that arise above the 
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Figure 2.2: Schematic representation of the spinal column as well as spinal segments for 
nerves arising related to motor and autonomic function (Krassioukov 2009). 
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corresponding vertebra, except for the 8th cervical segment, which arises between the seventh 
cervical (C7) and first thoracic (T1) vertebrae (Kirshblum et al. 2011). The thoracic, lumbar 
and sacral spinal regions contain 12, 5 and 5 spinal segments that arise below each of the 
corresponding vertebrae (Kirshblum et al. 2011).  
2.3.1 Spinal cord injury classification 
 A lesion resulting in SCI is principally described by the location of the spine at which 
it occurs. The neurological level of the injury (NLI) refers to the spinal segment that is most 
caudal and has normal motor, sensory and autonomic function on both sides of the body 
(Kirshblum et al. 2011). If the SCI is present at or above the C8 spinal segment, then the 
individual is classed as having tetraplegia, as there is impaired function in all four limbs. An 
individual would be defined as having paraplegia if the SCI is at or below the T1 level. As 
well as the NLI, a SCI can also be described by the completeness of the injury. A complete 
injury means that no motor, sensory or autonomic function is preserved below the NLI, while 
in an incomplete injury motor, sensory and/or autonomic function are partly preserved. Injury 
completeness is classified according to the American Spinal Injury Association Impairment 
Scale (AIS) using letters A-D: where A = complete SCI; B = sensory incomplete SCI; C = 
motor incomplete, with lower level of remaining muscle function; D = motor incomplete, 
with higher level of remaining muscle function (Kirshblum et al. 2011). 
2.3.2 Consequences of SCI 
 SCI results in motor, sensory and autonomic deficits that are dependent on the lesion 
level and completeness (Hou and Rabchevsky 2014). Though autonomic disruption can 
impact on the function of multiple organs, as well as thermoregulatory and gastrointestinal 
systems (Hou and Rabchevsky 2014), the subsequent focus will be on system effects deemed 
relevant for this thesis.  
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Cardiovascular function 
The autonomic nervous system comprises sympathetic and parasympathetic nerve 
fibres which innervate, among others, the heart, lungs and blood vessels (Figure 2.2). The 
heart has dual innervation, with parasympathetic stimulation coming from the vagal nerve 
arising from the medulla, and sympathetic stimulation from nerve fibres emanating from the 
upper thoracic (T1-T5) region of the spine (Krassioukov 2009). Due to impaired cardiac 
sympathetic nervous system stimulation, SCI at or above T5 leads to significant bradycardia 
and hypotension, the extent of which is related to NLI (Krassioukov 2009). Subsequently, 
individuals with tetraplegia exhibit HRpeak of 120-140 beats·min-1 (Coutts et al. 1983; Leicht 
et al. 2013). Although this has recently been challenged by findings of greater HRpeak during 
field (153 ± 15 beats·min-1), compared to lab testing (130 ± 19 beats·min-1) (West et al. 2015). 
It was proposed that this difference in HRpeak could have been due to an impact on propulsion 
technique prohibiting maximal MWP performance on a treadmill (West et al. 2015). 
 Though resting blood pressure is generally lower for those with tetraplegia, these 
individuals can experience sudden, and potentially fatal, episodes of extreme hypertension 
(systolic blood pressure up to 300 mmHg), known as autonomic dysreflexia (Krassioukov 
2009). Autonomic dysreflexia is a response to a stimulus emanating below the level of the 
injury, for example bladder distension or bowel impaction (Krassioukov and Claydon 2006). 
It is, therefore, advisable to monitor the blood pressure of people with tetraplegia when 
conducting exercise testing and to check if they need to void their bladder prior to the test. 
 A further dysfunction related to blood pressure that is prevalent in high level SCI is 
that of orthostatic hypotension. This is characterised by a further drop in blood pressure when 
assuming an upright position, with symptoms including fatigue, light-headedness, dizziness 
and blurred vision (Krassioukov 2009). Specifically, orthostatic hypotension is defined as a 
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drop in systolic blood pressure greater than 20 mmHg, or diastolic blood pressure greater 
than 10 mmHg for at least three minutes (Claydon and Krassioukov 2006). Multiple factors 
appear to contribute to orthostatic hypotension, including blood pooling in the lower 
extremities due to absent sympathetic nervous system-induced vasoconstriction; loss of lower 
extremity skeletal muscle pump aiding venous return; reduced plasma volume; and impaired 
baroreflex function (Claydon and Krassioukov 2006; Krassioukov 2009; Hou and 
Rabchevsky 2014). 
Respiratory function  
Though respiration requires somatic and autonomic control, as the diaphragm is 
stimulated by the phrenic nerve (C3-C5; Figure 2.2), SCI with NLI above C5 may 
compromise the action of voluntary breathing (Krassioukov 2009). Furthermore, the internal 
and external intercostal muscles are innervated by nerves arising from T1-T12 which result in 
impaired respiratory efforts, inversely related to the NLI. Loss of function in abdominal 
muscles (T7-L1) also leads to impaired inspiratory efforts by impacting on optimal 
diaphragm contraction (Krassioukov 2009). As such, it has been shown that athletes with 
tetraplegia have reduced peak tidal volume and V̇E responses to maximal exercise compared 
to athletes with paraplegia (Coutts et al. 1983; Leicht et al. 2014). 
Exercise capacity 
 Resulting from their reduced active muscle mass, people with SCI have reduced 
V̇O2peak, with a higher level SCI associated with a lower V̇O2peak (Janssen et al. 2002; 
Simmons et al. 2014). In an effort to create normative reference values for aerobic capacity in 
people with chronic SCI, Janssen et al. (2002) calculated the average (40-60th percentile) 
V̇O2peak for individuals with paraplegia and tetraplegia (Table 2.2). However, though the 
sample included sedentary and community-dwelling participants, 40% of the sample were 
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athletes, and as such the ability to generalise these findings to other groups with different 
activity levels may be limited. Indeed, in trained wheelchair court sportspeople V̇O2peak has 
been reported to range from 30-40 ml·kg-1·min-1, and 20-30 ml·kg-1·min-1 in those with 
paraplegia and tetraplegia, respectively (Leicht et al. 2012, 2013). Consequently, Simmons et 
al. (2014) recruited untrained, community-dwelling people with SCI and report their own 
normative values for average (40-60th percentile) V̇O2peak in individuals with paraplegia and 
tetraplegia (Table 2.2). As with V̇O2, peak responses for V̇E, tidal volume, [BLa] and HR are 
also inversely related to SCI lesion level (Coutts et al. 1983; Leicht et al. 2012, 2013, 2014). 
Table 2.2: Normative reference values for average (40-60th percentile) peak oxygen uptake 
(V̇O2peak) for individuals with paraplegia and tetraplegia. 
 Paraplegia Tetraplegia 
 V̇O2peak 
(L·min-1) 
V̇O2peak 
(ml·kg-1·min-1) 
V̇O2peak 
(L·min-1) 
V̇O2peak 
(ml·kg-1·min-1) 
Janssen et al. 
(2002) 
1.7 – 2.0 22.7 – 29.2 0.8 – 1.0 10.0 – 13.4 
Simmons et al. 
(2014) 
1.3 – 1.4 15.3 – 17.7 0.7 – 0.8 7.9 – 9.5 
V̇O2peak: peak oxygen uptake 
2.4 Rating of Perceived Exertion 
 An important theme that runs throughout this thesis is that of exercise intensity. 
Though exercise intensity can be measured in objective terms using physical measures of 
speed and PO, or physiological measures such as V̇O2 and HR, it can also be assessed 
subjectively using RPE.  
2.4.1 History and definition of RPE 
 The psychophysiological concept of perceived exertion was developed in the 1950s 
and pioneered by Gunnar Borg, who published some of the original research measuring RPE 
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during exercise (Borg and Dahlstrom 1959; Borg 1962). This led Borg to construct the first 
RPE scales in the nineteen seventies (Borg 1970, 1977). These seminal studies laid the 
foundations for a whole field of research into the perception of exertion.  
 Originally, Borg described perceived exertion as the degree of heaviness and strain 
experienced during physical work, and stated that it can be considered a gestalt comprising 
strains, aches and fatigue felt in the peripheral working musculature, cardiovascular and 
respiratory systems (Borg 1962, 1998). Importantly, Borg’s definition of perceived exertion 
states that feedback from physiological systems impact a person’s RPE, but that motivational 
emotions can also exert an influence (Borg 1998). Similarly, perceived exertion has been 
described as a subjective interpretation of the effort, strain, discomfort and fatigue 
experienced during exercise (Noble and Robertson 1996). A review by Pageaux (2016) 
challenges though whether such definitions should be utilised, because of specific constructs 
that are included within the definition of perceived exertion. Borg’s (1998) definition 
includes the sensation of “aches”, which could also be attributed as the sensation of pain, 
whilst Noble and Robertson (1996) include the construct of “discomfort” in their definition. It 
has been shown that participants were able to distinguish both perceptions of pain 
(Groslambert et al. 2006; Astokorki and Mauger 2017) and discomfort (Christian et al. 2014) 
from that of exertion. Therefore, for studies investigating perceived exertion, care needs to be 
afforded to the definition and instructions provided by the investigator to the participant 
(Pageaux 2016). Given the aforementioned limitations to other definitions of perceived 
exertion, perhaps that of Marcora (2010), that perceived exertion is the “conscious sensation 
of how hard, heavy and strenuous a physical task is”, best encapsulates what perceived 
exertion is. 
 Typically, using this definition results in the participant giving an overall (RPEO) RPE, 
encompassing the degree of heaviness of a physical task across the whole body (Borg 1998; 
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Marcora 2010). An alternative approach is to split this construct into differentiated ratings of 
peripheral (RPEP) and central (RPEC) RPE where participants specifically focus on the 
exercising musculature (RPEP), and cardiopulmonary system (RPEC) (Ekblom and Goldbarg 
1971; Borg 1998).  
2.4.2 Factors influencing RPE 
 Studies of perceived exertion and how it relates to exercise intensity have been 
evident in the literature since the 1960s, however the neurophysiological mechanisms behind 
the generation of RPE remain equivocal (Pageaux 2016). The models outlined below were 
primarily developed as theories to explain the limits to human endurance performance. 
However, they also provide insight into the contributory mechanisms underpinning the 
generation of RPE. 
Afferent feedback 
 Within skeletal muscle are nerve endings for Group III and IV afferent fibres. These 
muscle afferents respond to muscle contraction-induced mechanical and chemical stimuli, 
and project via the spinal cord to the brain (Amann et al. 2015). Subsequently, this afferent 
feedback plays a significant role in the development of fatigue. Specifically, afferent 
feedback limits peripheral fatigue by contributing to the exercise-pressor response (increasing 
HR, V̇E), allowing sufficient blood flow and oxygen delivery to the working musculature 
(Amann et al. 2015). Conversely, afferent feedback facilitates central fatigue by inhibiting 
spinal motoneuronal output (Amann et al. 2015). Afferent feedback also appears to impact on 
exertional responses to exercise in AB individuals performing LBE (Figure 2.3a).  
In two experiments Amann et al. (2010, 2011) had participants cycle at 80% of their 
peak power output (POpeak) with, and without injection of fentanyl to the lumbar region of the 
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spine. Fentanyl is a µ-opioid receptor agonist that, when injected to the lumbar region of the 
spine, induces blockage of afferent projections from the leg muscles to the brain. After three 
(Amann et al. 2011) and four (Amann et al. 2010) min at 80% POpeak the RPE was 
significantly reduced with fentanyl administration, despite no difference in V̇O2, or the level 
of central motor command as indicated by electromyography (EMG). That central command 
was not different between trials, but the RPE was reduced by blocking afferent feedback from 
the legs, would suggest a contribution of afferent feedback to generating RPE. However, as 
HR and V̇E were lower at the corresponding timepoint in the trial with fentanyl, because of a 
smaller exercise-pressor response (Amann et al. 2011), a causative link cannot be made 
between afferent feedback and RPE. The lower HR and V̇E with fentanyl administration may 
reflect a lower level of central motor command, which could also have contributed to the 
lower RPE. 
Corollary discharge 
 An alternative theory is that RPE is generated independently of any afferent feedback 
(Figure 2.3b; Marcora 2009). Instead, it is proposed that RPE is a conscious awareness of the 
central motor command arising from pre-motor and motor areas of the brain (Marcora 2009). 
A measure of the magnitude of activity from pre-motor and motor areas of the brain is that of 
motor-related cortical potential (MRCP). Therefore, MRCP is a neurophysiological measure 
of central motor command (de Morree et al. 2012). Correlates of MRCP and RPE were 
measured in response to 5 sets of 10 repetitions of elbow flexion at 20 and 35% 1 repetition 
maximum, with a fatigued and non-fatigued arm (de Morree et al. 2012). As hypothesised, 
RPE was greater when lifting the heavier weight, but for both weights was also greater in the 
fatigued arm, despite no difference in the concentrations of metabolic by-products in the 
muscle (de Morree et al. 2012). Muscle fatigue also led to a significant increase in MRCP and 
EMG, with a significant correlation between MRCP and RPE (de Morree et al. 2012). 
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Subsequently, it was also found that caffeine administration led to a significant decrease in 
MRCP and RPE during 100 isometric knee extensions at 60% peak torque, compared to a 
placebo trial (de Morree et al. 2014). Furthermore, MRCP and RPE increased from the start 
to finish of both caffeine and placebo trials (de Morree et al. 2014). 
Figure 2.3: Schematic representation of contributors to RPE according to a) afferent 
feedback and b) corollary discharge models (Marcora 2009; Pageaux 2016). 
Support for the theory of corollary discharge also comes when considering literature 
into the effects of cognitive, or mental fatigue on physical performance. Typically, mental 
fatigue is induced through performing a prolonged period requiring demanding cognitive 
activity. A recent review has found that mental fatigue had a significant negative impact on 
endurance performance, despite little evidence to suggest a direct effect on physiological 
responses (Van Cutsem et al. 2017). Mental fatigue, however, did lead to a consistent and 
significant increase in RPE (Van Cutsem et al. 2017). This suggests that mental fatigue may 
lead to an increase in central motor command and therefore in RPE, however requires 
confirming in subsequent studies (Van Cutsem et al. 2017). 
Taken together these findings support the theory that RPE is a conscious awareness of 
the central motor command arising from the brain. However, as much of the evidence to date 
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is correlational, definitive causative links cannot be made. Furthermore, not all evidence 
indeed supports the notion of RPE reflecting central motor command. During 5km cycle time 
trials performed with, and without, injection of anaesthesia into the lumbar spinal region, 
anaesthesia led to an increase in quadriceps EMG, a surrogate measure for central motor 
command, but decreased RPEP (Amann et al. 2008). 
Central Governor model 
 Like the theory of corollary discharge, the Central Governor model proposes that the 
brain is involved in the regulation of RPE, however there are significant theoretical 
differences. According to the theory of corollary discharge, RPE is a conscious awareness of 
central motor command (Marcora 2009). In contrast, the Central Governor model proposes 
that RPE is generated subconsciously based on both anticipatory, or “feedforward”, as well as 
feedback components involving psychological and physiological processes (Noakes et al. 
2004; Tucker 2009; Noakes 2012). As a result of these feedforward and feedback 
components, the participant’s work rate is ultimately controlled on a subconscious level by 
the brain, through regulating the level of motor unit recruitment in order to avoid catastrophic 
disruptions to homeostasis (Noakes et al. 2004). 
The Central Governor model is based on research showing that during exercise to 
exhaustion, RPE increases linearly in proportion to the amount of time remaining (Noakes 
2004). Specifically, when participants cycled to exhaustion with high, and low, levels of 
baseline muscle glycogen, exercise duration was shorter and RPE higher when muscle 
glycogen was initially low (Noakes 2004). However, when RPE was plotted against the 
percentage of time remaining, there was no effect of starting level of muscle glycogen on the 
rate of RPE development (Noakes 2004). According to the model the brain set the initial RPE 
prior to exercise based on factors such as the expected exercise duration and previous 
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experience; afferent inputs such as muscle glycogen level, core and skin temperature; and 
psychological inputs, for example motivation and arousal levels (Tucker 2009). This explains 
why the RPE was greater during the trial with lower initial muscle glycogen levels. Then, 
during exercise the brain received feedback on many physiological variables, including but 
not limited to muscle substrate levels, core temperature, skin temperature, lactate, and other 
metabolites (Tucker 2009). The brain consequently increased RPE as a linear function of the 
anticipated exercise duration, to ensure that maximal RPE occurred before complete substrate 
depletion did (Noakes 2004). 
 The Central Governor model combines psychological and physiological factors in the 
initial setting of RPE, however proposes that during exercise RPE is only modified by 
physiological variables. Based on this premise of the Central Governor, no psychological 
intervention during exercise should be able to alter RPE or exercise performance. In a study 
where participants performed two trials to exhaustion at 65% POpeak, the time to exhaustion 
was longer, and RPE lower when participants were subliminally shown happy, rather than 
sad, faces (Blanchfield et al. 2014a). Similarly, a positive self-talk intervention was 
successful in improving time to exhaustion at 80% POpeak, with a decrease in RPE at the 50% 
point of the trial, compared to those that did not receive the intervention (Blanchfield et al. 
2014b). Furthermore it has been shown that self-efficacy impacts on the relationship between 
RPE and exercise intensity (Hu et al. 2007). Participants high in self-efficacy demonstrated a 
constant rate of change between RPE and exercise intensity, whereas those low in self-
efficacy saw a faster acceleration in RPE as intensity increased (Hu et al. 2007). 
Demonstration that non-conscious visual cues shown to a participant during exercise, a 
positive self-talk intervention and the psychological construct of self-efficacy can impact 
RPE during exercise would, therefore, appear to challenge the notion of the Central Governor. 
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Integrative Governor 
 A theory that, in its current form, does little to inform the debate over how RPE is 
generated, but contributes to the discussion of the role of RPE in exercise performance all the 
same, is that of the Integrative Governor theory (St Clair Gibson et al. 2018). The Integrative 
Governor theory importantly develops upon the apparent weakness of the Central Governor 
model, by acknowledging the impact that psychological factors play in manipulating exercise 
intensity, and RPE, during exercise (St Clair Gibson et al. 2018). As in the Central Governor, 
inhibitory physiological drives to maintain homeostasis exert an influence via afferent 
feedback, however in the Integrative Governor theory these must compete with stimulatory 
psychological drives to continue (St Clair Gibson et al. 2018). A person’s RPE is then an 
inhibitory sensation, raising awareness of the conflict between these psychological and 
physiological drives. The result of this can lead to i) dominance of motivational 
psychological drives leading to maintained or increased exercise intensity in the face of 
increasing RPE, ii) slight dominance of inhibitory physiological drives leading to a reduction 
in exercise intensity to prevent an increase in RPE, or iii) complete dominance of inhibitory 
drives leading to stopping exercise completely (St Clair Gibson et al. 2018). 
2.4.3 “Estimation” versus “production” procedures 
 Measuring RPE during exercise can give an accurate indication of exercise intensity, 
whilst participants can also use RPE to monitor their work rate. These are two distinct 
examples of using RPE and can be classified as “estimation” and “production” procedures. 
An estimation procedure is when participants exercise at a fixed workload (e.g. speed, PO) 
and are then asked to provide their RPE, based on the intensity they have been prescribed. 
Specifically, in an estimation setting, the participant has no control over the exercise intensity, 
only over their RPE provided in response to it. An example of an estimation procedure is a 
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traditional GXT, where the workload increases in fixed increments at designated time 
intervals and is constant within each stage. Conversely, in a production setting, participants 
exercise at a required RPE, e.g. RPE 13. In this example participants have control over the 
workload and can vary it as required in order to maintain the RPE at the intended level. 
2.4.4 Perceived exertion scales 
Borg’s 6-20 RPE Scale 
Originally produced in 1970 (Figure 2.4a; Borg 1970) and subsequently updated 
(Figure 2.4b; Borg 1998), this linear 15-point scale ranges from 6-20. Borg’s RPE scale was 
developed so that the RPE rating could be multiplied by 10 to give an approximate indication 
of the associated HR, with the starting point of 6 chosen as a generic marker of a low resting 
HR (RPE 6 x 10 = 60 beats·min-1) (Borg 1998).  
A meta-analysis investigating the validity of Borg’s RPE scale in AB performing LBE 
has found correlation coefficient of r = 0.63 and r = 0.62 with HR and V̇O2, respectively 
(Chen et al. 2002). Of note, the RPE:HR (r = 0.74 versus 0.60) and RPE:V̇O2 (r = 0.85 versus 
0.57) relationships are reportedly stronger during “production” compared to “estimation” 
procedures (Chen et al. 2002). The linear RPE:HR (r = 0.74) relationship during LBE has 
been subsequently confirmed in a large scale cohort study of AB participants (Scherr et al. 
2013). Even with these encouraging findings for the validity of RPE, stronger relationships 
have also been shown. In a combined AB sample of those with high and low fitness, the 
RPEP:V̇O2 and RPEO:V̇O2 relationships have been shown to be r = 0.96 and r = 0.97 in males, 
and r = 0.98 and r = 0.97 in females during cycle ergometry (Faulkner and Eston 2007). 
Within AB individuals the RPE:V̇O2 (r = 0.87 versus 0.65) and RPE:HR (r = 0.78 versus 0.62) 
relationships are as strong during UBE as they are during LBE (Eston and Brodie 1986).  
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Borg’s 6-20 RPE scale has also shown validity in participants with SCI. In 
recreationally active participants with paraplegia, a group average r = 0.97 between RPEP and 
V̇O2 was found during ACE (Al-Rahamneh and Eston 2011b). For trained individuals with 
tetraplegia performing MWP the correlation with V̇O2 were found to be r = 0.91, 0.88 and 
0.90 for RPEP, RPEC and RPEO respectively (Paulson et al. 2013b). 
Figure 2.4: a) The original (Borg 1970) and b) updated (Borg 1998) versions of Borg’s 6-20 
RPE scale. 
Category Ratio-10 Scale 
 In contrast to the linear 6-20 RPE scale, the Category Ratio-10 (CR-10; Figure 2.5) 
demands a nonlinear, growth function (Borg 1977). The CR-10 differs also to the 6-20 RPE 
scale in that it can be used as a general intensity scale for other perceptions, such as pain 
a) b) 
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(Borg 1998). Although again developed in AB individuals performing LBE, the CR-10 has 
been shown to be valid in recreationally active individuals with paraplegia and tetraplegia 
during ACE (Au et al. 2017). A quadratic function was found to give a significantly stronger 
relationship than a linear function between RPE (using the CR-10) and exercise intensity (Au 
et al. 2017). For participants with SCI the CR-10 has proven popular for implementing the 
exercise intensity during training interventions (Kim et al. 2015; Nooijen et al. 2015; Pelletier 
et al. 2015; Totosy de Zepetnek et al. 2015; van der Scheer et al. 2016). However, little is 
known about the validity and reliability of the scale in people with SCI (van der Scheer et al. 
2018). 
Figure 2.5: The Category Ratio-10 scale (Borg 1977). 
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In order to aid comparisons between the 6-20 RPE and CR-10, Borg and Ottoson 
(1986) produced a scale transformation (Table 2.3). Though an important resource allowing 
potential interchange between the scales, as this was developed using AB individuals these 
transformations cannot be generalised to participants with SCI. 
Table 2.3: Transformation of values from Borg’s RPE scale with corresponding value on the 
Category Ratio-10 (Borg and Ottoson 1986). 
6-20 RPE Scale CR-10 
6 0.0 
7 0.0 
8 0.5 
9 1.0 
10 1.5 
11 2.0 
12 3.0 
13 3.5 
14 4.5 
15 5.5 
16 6.5 
17 7.5 
18 9.0 
19 10.0 
20 · 
 
OMNI Scale of perceived exertion 
The OMNI scale is another category ratio scale with responses ranging from 0-10, but 
includes pictorial, as well as verbal descriptors (Figure 2.6; Robertson et al. 2004). The 
addition of pictorial descriptors related to the exercise mode means that the OMNI scale has 
been adapted and validated for use in cycle exercise (Figure 2.6a; Robertson et al. 2004), 
upper and lower body resistance exercise (Figure 2.6b; Robertson et al. 2003), children 
performing aerobic exercise (Figure 2.6c; Robertson et al. 2000) and adults with spina bifida 
during ACE (Figure 2.6d; Crytzer et al. 2015). Interestingly, despite being validated during 
ACE the pictorial descriptors actually show MWP which could limit the validity of this 
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version of the scale. This could explain why correlation between RPE on the wheelchair scale 
and V̇O2 was found to be τ = 0.47 (Crytzer et al. 2015). For adults performing incremental 
cycle exercise the reported correlations between differentiated RPE, HR and V̇O2 ranged 
from r = 0.81-0.95, supporting the validity of the OMNI scale (Robertson et al. 2004). There 
is also a strong correlation between perceived exertion rated on the OMNI and Borg’s 6-20 
RPE scale (r = 0.92-0.97) (Robertson et al. 2004). 
Figure 2.6: The OMNI scale of perceived exertion with pictorial descriptors for a) adults 
during cycle exercise (Robertson et al. 2003) b) adult resistance exercise (Robertson et al. 
2004), c) children’s cycling exercise (Robertson et al. 2000) and d) wheelchair exercise 
(Crytzer et al. 2005). 
Talk Test 
 Rather than requiring participants to use a scale to rate their exertion, the Talk Test 
assesses perceived exertion by an individual’s capability to continue a conversation whilst 
exercising (Brawner et al. 1995). For the Talk Test, participants read a short standardised 
passage of text and then must respond “yes” or “no” to the question “can you still speak 
comfortably?” (Brawner et al. 1995). Important in relation to the Talk Test are the instances 
of the “last positive”, meaning the greatest intensity at which participants can still talk 
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comfortably, and the “first negative”, the first intensity at which participants can no longer 
talk (Brawner et al. 1995). The “last positive” or point of equivalence has been shown to 
coincide with the ventilatory threshold,  suggesting the Talk Test could be used as a method 
of exercise intensity prescription (Persinger et al. 2004; Foster et al. 2008). Indeed, asking 
AB participants to exercise at the “last positive” appeared to elicit a moderate to vigorous 
intensity physiological response during running exercise (Brawner et al. 1995). Similarly, 
when asked to exercise at an intensity they could maintain for 15 min, recreationally-active 
participants with SCI tended to self-select an intensity that coincided with the “first negative” 
(Cowan et al. 2012). Furthermore, participants were able to use the Talk Test as a successful 
tool for monitoring their exercise intensity within a “production” exercise setting (Cowan et 
al. 2012). However, the Talk Test is not as suitable as using RPE when trying to identify 
substrate utilisation during exercise in participants with paraplegia (Kressler et al. 2012). 
Therefore, it could be that the greater number of options available when using RPE (e.g. 6-20) 
compared to the Talk Test (“yes” or “no”) make it a more sensitive measure and more 
appropriate for use when prescribing exercise intensity.  
2.4.5 Lower versus upper body exercise 
 Though differences in the physiological responses to UBE and LBE have already 
been documented (Section 2.2.1), how RPE may also differ is of further interest. Typically, 
research has compared ACE with leg cycling for this purpose. When ACE and leg cycling are 
performed at the same absolute PO, RPE is significantly greater during ACE than leg cycling 
(Pandolf et al. 1984; Eston and Brodie 1986).  However, this is unsurprising given the greater 
POpeak during leg cycling (Pandolf et al. 1984; Eston and Brodie 1986). Similarly, there is 
greater RPE during ACE than leg cycling when expressed against equal absolute levels of HR 
and blood lactate concentration ([BLa]). This could be due to greater HRpeak during LBE 
(Borg et al. 1987), or as a result of greater peripheral fatigue in exercise with a smaller 
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muscle mass leading to increased afferent feedback (Rossman et al. 2014). Conversely, when 
expressed at the same mode-specific relative intensity, there is no difference in differentiated 
RPE between UBE and LBE during incremental (Pandolf et al. 1984) or constant workload 
exercise (Aminoff et al. 1997; Marais et al. 2001; Yasuda et al. 2002).  
2.4.6 Impact of SCI on RPE 
 Despite differences in V̇O2peak, HRpeak and [BLa]peak, no difference in peak RPE 
responses, or RPE at the ventilatory threshold and respiratory compensation point, have been 
found between participants with tetraplegia and paraplegia (Leicht et al. 2014). The 
relationship between RPE and V̇O2 has also been shown to be very strong in participants with 
paraplegia performing ACE (r = 0.99; Al-Rahamneh and Eston 2011b) and MWP (r = 0.94-
0.97; Goosey-Tolfrey et al. 2014), as well as in participants with tetraplegia during MWP (r = 
0.91, 0.88, 0.90 for RPEP, RPEC and RPEO; Paulson et al. 2013b). Furthermore, those with 
tetraplegia and paraplegia exhibited similar peak differentiated RPE responses to maximal 
ACE and (Al-Rahamneh and Eston 2011a) MWP (Paulson et al. 2013b). In contrast, 
recreationally-active individuals with tetraplegia displayed an acceleration of RPEP relative to 
RPEC during incremental ACE, though this was not evident in participants with paraplegia 
(Au et al. 2017). Given the equivocal findings there is a need to further investigate RPE 
responses to exercise in participants with SCI, with a particular focus on the effect of 
participant training status. 
 The physiological consequences of SCI make it an interesting model by which to 
investigate the mechanisms that contribute to the generation of RPE (Section 2.4.2), as 
afferent signals generated below the level of the injury are prevented from reaching the brain. 
This has been investigated in a study comparing HC exercise with a hybrid form of exercise, 
which combined HC with functional electrically-stimulated lower limb cycling (Paulson et al. 
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2014). In this study both forms of exercise were performed at an equal PO, and whereas V̇O2 
and [BLa] were higher during the hybrid exercise, there was a tendency for lower 
differentiated RPE (Paulson et al. 2014). As a consequence, despite the greater rate of 
metabolism due to the greater exercising muscle mass in hybrid exercise, reduced afferent 
feedback from the legs as a result of SCI may have led to the reduced RPE. However, as the 
PO performed by the arms was not controlled between HC and hybrid exercise, the role of 
afferent feedback in generating RPE in SCI cannot be fully established.  
2.5 Applications of production RPE 
2.5.1 Historical testing of V̇O2max and V̇O2peak 
 By definition the V̇O2max is the maximum amount of oxygen that the body is able to 
take up and utilise, however in practice it is a measure of the function and integration of 
pulmonary, cardiovascular and muscular systems (Poole and Jones 2017). The foundation for 
the assessment of V̇O2max comes from the work of A. V. Hill and colleagues (Hill and Lupton 
1923; Hill et al. 1924). Their experiments showed that as work rate increased, the V̇O2 
increased in a linear fashion. Importantly, they also noticed the phenomenon of a work rate 
upon which a further increase did not lead to a subsequent increase in V̇O2 (V̇O2 plateau), 
hence the definition of V̇O2max (Hill and Lupton 1923). It is upon these experiments, that 
knowledge of V̇O2max, and development of protocols for assessing it, have emerged. For their 
experiments, Hill and Lupton (1923) utilised a discontinuous running protocol where stages 
lasted for 4 min to allow participants to reach a V̇O2 steady state. However, with long rest 
periods between stages, and multiple stages required before V̇O2max was reached, such a 
protocol was not time-efficient. Subsequently, research has focused on manipulating protocol 
characteristics with the aim of creating a time-efficient, continuous, graded exercise test 
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(GXT) that is still able to induce valid and reliable physiological measurements of V̇O2max 
(Bentley et al. 2007).  
 A primary contention has surrounded the appropriate duration that a test should last 
for the accurate measurement of V̇O2max. Early (Buchfuhrer et al. 1983) and subsequent 
(Yoon et al. 2007) research has advocated a test duration of 8-12 min. These findings though 
are challenged by those of similar V̇O2max between GXT lasting 10.4 ± 1.7 and 25.9 ± 4.0 min 
(Bishop et al. 1998), and that V̇O2max can be reliably measured using a 3 min all-out protocol 
(Burnley et al. 2006). As such there is an alternative view that a maximal test can last from 5 
to 26 min and still produce a valid measurement of V̇O2max (Midgley et al. 2008). This 
recommendation also reflects guidance for conducting maximal exercise tests in participants 
with SCI, where V̇O2peak was reliably measured in protocols lasting 6-15 min (Eerden et al. 
2018). 
 Researchers must also decide on the stage duration used for a protocol. Though no 
differences in V̇O2max have been found between protocols using 1, 2 and 3 min stages during 
LBE (Zhang et al. 1991; Bishop et al. 1998; Bentley and McNaughton 2003; Zuniga et al. 
2012), peak work rate was greater with a 1 min stage duration (Bishop et al. 1998; Bentley 
and McNaughton 2003; Zuniga et al. 2012). These findings suggest that a 3 min stage 
duration could compromise the measurement of peak work rate and that a 1 min stage could 
be more suitable for assessing maximal physiological and workload responses. In contrast, in 
non-upper body trained, AB individuals, there was no difference in ACE POpeak, or indeed 
V̇O2peak, between a continuously incremented test, and protocol with 2 min stages (Smith et al. 
2004). Though this may be as a result of the rate of workload increment being matched 
between protocols (Smith et al. 2004). Despite this, the shorter stage duration may still be 
advocated as it has been noted that participants can use external cues, such as the end of a 
stage, to terminate the test, with less frequent changes in workload increasing the chance of 
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prematurely reaching “volitional exhaustion” (Smith et al. 2004). For participants with SCI 
the recommendation is to use 1-2 min stages as part of a continuous ramp-incremented 
(RAMP) protocol as longer stages may induce premature muscle fatigue, particularly in 
untrained participants in a rehabilitation setting (Eerden et al. 2018). If longer stages (3-4 min) 
are desired, for example to measure [BLa], then a discontinuous protocol could be deemed 
preferable (Eerden et al. 2018). The kinetics of lactate diffusion from the muscle into the 
blood requires a longer duration stage (3 min or greater) in order to allow an accurate 
measure of steady state [BLa], which can then be used to determine submaximal thresholds 
(Bentley et al. 2007). 
 Inherently linked to both the test and stage duration are the factors of the starting 
workload, and the workload increment. During lower body cycle exercise there was no 
difference in the maximal V̇O2, V̇E, RER, or HR responses to tests with workload increased 
by 30 W·min-1, 60 W·2 min-1, or 90 W·3 min-1 (Zhang et al. 1991). This though may be 
because overall workload increase was equal across the three trials. Conversely, when the 
overall workload increase is not matched, a faster ramp-rate leads to greater peak work rate 
during lower body cycling (Bishop et al. 1998) and ACE (Smith et al. 2006). A faster ramp-
rate has also been shown to lead to a greater peak respiratory exchange ratio (RERpeak) and 
[BLa]peak (Smith et al. 2006). This is because with a faster ramp rate there is a greater lag in 
the pulmonary gas exchange response, and hence slower adjustment in V̇O2 required to meet 
the workrate demand (Smith et al. 2006). This leads to a greater contribution of anaerobic 
metabolism and associated increase in RER and lactate production. Therefore, in order to 
ensure the accuracy of measured outcome variables, specific attention must be applied to the 
workload increment when designing a maximal exercise test protocol. 
 Determining an appropriate combination of starting workload, workload increment 
and stage duration ultimately shape how long a GXT will last, and the validity of any 
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physiological measurement taken (Bentley et al. 2007). Ideally these should be individualised 
to each participant based on their level of physical function and current fitness level (Eerden 
et al. 2018). If presented with a familiar participant, a researcher or practitioner will likely, 
based on experience, be able to decide on suitable values for these. If though the person 
implementing the test has never performed one on the participant, and if the participant has 
never completed a maximal test before, then deciding on the best starting workload and 
workload increment may prove problematic. This has the potential to reduce the validity and 
reliability of the obtained results and could be seen as an inherent limitation of this traditional 
approach to exercise testing. 
 Criticism for the approach of using fixed workload stages as part of a GXT also 
comes when considering the role of the brain in exercise performance (Noakes 2008). A 
contention of Noakes (2008) is that the open-loop nature of a RAMP test means that the 
participant begins exercising without knowing how long it will last, and that this is unnatural. 
However the major criticisms of incremental workload-guided exercise testing are that the 
pacing strategy is pre-set, and the participant has no control over it (Noakes 2008). According 
to the Central Governor model (Section 2.4.2), the brain regulates exercise performance in an 
anticipatory way by recruiting the appropriate number of muscle units, and thus manipulating 
the pacing strategy, in order to maximise performance (St Clair Gibson and Noakes 2004). 
Therefore, that brain regulation of exercise performance cannot be investigated during 
exercise where the workload is fixed, as in the traditional GXT, an alternative approach is 
necessary in order to investigate human maximal physiological responses to exercise in 
accordance with the Central Governor model. 
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2.5.2 Perceptually-regulated exercise test (PRET) 
 A submaximal alternative to the traditional GXT encompassing exercise with fixed 
workloads, is a perceptually-regulated exercise test (PRET; Figure 2.7a). Such a protocol 
uses RPE in a “production” procedure (Section 2.4.3) and is characterised by stages where 
the RPE is clamped, and participants are able to vary the workrate in order to maintain the 
required RPE (Coquart et al. 2016). The PRET is a submaximal protocol (RPE 9-17) that 
makes use of the strong linear relationship between RPE 6-20 and exercise intensity (Chen et 
al. 2002), with the V̇O2 measured during each stage and then extrapolated to estimate V̇O2max, 
or V̇O2peak (Figure 2.7b).  
Figure 2.7: a) Schematic representation of a PRET protocol, along with b) example of how 
the linear relationship between submaximal V̇O2 and RPE (solid lines) is extrapolated to RPE 
20 estimate V̇O2max (dotted line). 
The estimation of V̇O2max, rather than its direct measurement could be deemed 
preferential in clinical or elderly populations where exhaustive exercise can increase the risk 
of adverse events such as arrhythmia, myocardial infarction and haemodynamic instability 
(Arena et al. 2007). To that end, the PRET protocol has been studied in sedentary (Faulkner 
et al. 2007; Eston et al. 2008, 2012; Evans et al. 2013), and older AB individuals (Smith et al. 
2015), as well as individuals with paraplegia (Al-Rahamneh and Eston 2011a). However, 
most research has used lower body forms of exercise, cycling (Eston et al. 2005, 2006, 2008; 
Faulkner et al. 2007; Morris et al. 2009) and treadmill running (Morris et al. 2010; Eston et al. 
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2012; Evans et al. 2013; Smith et al. 2015), with only one study investigating the PRET 
during ACE (Al-Rahamneh and Eston 2011a). Importantly, though different protocols have 
been used in terms of the stage duration, and RPE ranges used for the estimation of V̇O2max 
(Table 2.4), a meta-analysis has concluded that V̇O2max can be accurately predicted by the 
RPE:V̇O2 relationship during a submaximal PRET (Coquart et al. 2016).  
As well as the valid prediction of V̇O2max that can be obtained, the PRET has the 
advantage of alleviating the criticisms of the traditional GXT raised by Noakes (2008), as 
previously discussed. Specifically, the PRET is closed-loop in that it is of fixed duration, and 
it affords the participant control of the pacing strategy. Through employing a production RPE 
procedure, the participant can vary the workload in order to match the required RPE for that 
stage. Furthermore, the investigator does not have to decide on a starting workload or 
workload increment, as both are controlled by the participant. As such, the PRET protocol 
not only offers a reliable and valid form of estimating a person’s V̇O2max, it does so in a 
manner which can be considered more ecologically valid by proponents of the Central 
Governor model (Noakes 2008). 
2.5.3 Maximal perceptually-regulated exercise test (PRETmax) 
 More recently, research has sought to develop the PRET protocol further. Though a 
justification for a submaximal PRET comes from mitigating risk from exhaustive exercise in 
at-risk populations, maximal exercise is not contraindicated in many participants. As such, a 
new protocol was developed, to include a final stage performed at RPE 20, thereby creating a 
maximal perceptually-regulated exercise test (PRETmax) (Mauger and Sculthorpe 2012). As 
with the PRET, the PRETmax is of fixed duration and allows the participant to control the 
workload and pacing strategy, simply requiring the participant to maintain a fixed RPE for 
each stage. The use of the PRETmax protocol has gained popularity with, to the author’s 
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Table 2.4: Summary of studies investigating the perceptually-regulated exercise test (PRET) protocol. 
Reference Exercise 
mode 
Participants PRET protocol Prediction used Conclusion 
Eston et al. 
(2005) 
Cycle 
ergometry 
Physically active males (n 
= 10; 24 ± 2 years). 
2-3 min adjustment period, 
then 4 min at RPEO 9, 11, 13, 
15, 17. 
RPEO 9-15, 9-17, 
extrapolated to 
RPEO 20. 
No difference between either 
prediction model and 
measured value. 
Eston et al. 
(2006) 
Cycle 
ergometry 
Physically active males (n 
= 10; 22 ± 1 years) and 
females (n = 9; 21 ± 1 
years). 
3 min adjustment period, then 
2 and 4 min at RPEO 9, 11, 
13, 15, 17. 
RPEO 9-15, 9-17 
extrapolated to 
RPEO 20. 
No difference between either 
prediction model and 
measured value. 2 min stages 
had narrower agreement. 
Faulkner et 
al. (2007) 
Cycle 
ergometry 
Active and sedentary 
males (Active: n = 13, 31 
± 8 years; Sedentary: n = 
14, 28 ± 8 years) and 
females (Active: n = 9, 32 
± 12 years; Sedentary: n = 
9, 35 ± 11 years). 
2 min adjustment period, then 
3 min at RPEO 9, 11, 13, 15, 
17. 
RPEO 9-13, 9-15, 
9-17 extrapolated 
to RPEO 19 and 20. 
RPEO 9-13 and 9-15 
underestimated when 
extrapolated to RPEO 19. 
RPEO 9-17 overestimated 
when extrapolated to RPEO 
20. 
Eston et al. 
(2008) 
Cycle 
ergometry 
Healthy, sedentary males 
(n = 13; 38 ± 7 years). 
1-2 min adjustment period, 
then 3 min at RPEO 9, 11, 13, 
15, 17. 
RPEO 9-15, 9-17, 
11-17 extrapolated 
to RPEO 20. 
RPEO 9-15 underestimated 
compared to measured value. 
Morris et al. 
(2009) 
Cycle 
ergometry 
Healthy males (n = 16; 29 
± 10 years) and females (n 
= 7; 36 ± 10 years). 
3 min adjustment period, then 
2 and 3 min at RPEO 9, 11, 
13, 15, 17. 
RPEO 9-17 
extrapolated to 
RPEO 20. 
No difference between either 
prediction and measured 
value. 3 min stages narrower 
agreement. 
Morris et al. 
(2010) 
Treadmill 
running 
Healthy males (n = 14) and 
females (n = 4; 22 ± 3 
years). 
3 min adjustment period, then 
3 min at RPEO 9, 11, 13, 15, 
17. 
RPEO 9-15 
extrapolated to 
RPEO 19 and 20. 
No difference between either 
prediction model and 
measured value. Estimation 
  
 
45 
to RPEO 19 had narrower 
agreement. 
Eston et al. 
(2012) 
Treadmill 
running 
Active (n = 49; 41 ± 14 
years) and sedentary (n = 
26; 33 ± 13 years) males 
and females. 
3 min stages at RPEO 9, 11, 
13, 15. 
RPEO 9-13, 9-15 
extrapolated to 
RPEO 19 and 20. 
RPEO 9-13 underestimated in 
sedentary individuals. Best 
agreement when using 9-15 
to RPEO 19. 
Evans et al. 
(2013) 
Treadmill 
running 
Sedentary males (n = 7) 
and females (n = 16; 34 ± 
11 years). 
3 min stages at RPEO 9, 11, 
13, 15. 
RPEO 9-15 
extrapolated to 
RPEO 19 and 20. 
No difference between either 
prediction model and 
measured value. Better 
agreement when extrapolated 
to RPEO 19. 
Smith et al. 
(2015) 
Treadmill 
running 
Older males (n = 11) and 
females (n = 13; 65 ± 4 
years). 
3 min stages at RPEO 9, 11, 
13, 15. 
RPEO 9-15 
extrapolated to 
RPEO 19 and 20. 
Significant overestimation 
when extrapolating to RPEO 
19 and 20. 
Al-Rahamneh 
and Eston 
(2011) 
Arm 
crank 
ergometry 
Males with paraplegia (n = 
11; 32 ± 5 years). 
3 min stages at RPEO 9, 11, 
13, 15, 17. 
RPEO 9-13, 9-15, 
9-17 extrapolated 
to RPEO 20. 
No difference between either 
prediction model and 
measured value. Smaller 
ranges as accurate as larger 
range. 
RPEo: overall rating of perceived exertion 
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knowledge, 14 published research papers investigating how the PRETmax compares to a 
traditional workload guided protocol (Table 2.5).  
 The original investigation of the PRETmax utilised 5 x 2 min stages with the RPE 
clamped at 11 (light), 13 (somewhat hard), 15 (hard), 17 (very hard) and 20 (maximal) 
(Mauger and Sculthorpe 2012). This protocol has been used in all subsequent studies 
(Mauger et al. 2013; Straub et al. 2014; Astorino et al. 2015; Faulkner et al. 2015; Hogg et al. 
2015; Scheadler and Devor 2015; Hanson et al. 2016; Lim et al. 2016; Jenkins et al. 2017b, a; 
Beltz et al. 2018) except for one that used seven stages with the duration altered to match the 
previously performed RAMP (Chidnok et al. 2013b), and another that used 6 x 3 min stages 
(Evans et al. 2014). Similarly, the same RPE values have been used except for Evans et al. 
(2014) who included the addition of a stage at RPE 9, and Chidnok et al. (2013) who utilised 
stages at RPE 8, 10, 12, 14, 16, 18 and 20. 
 Since the original investigations have been published, a principle contention has been 
over whether the PRETmax leads to measurement of V̇O2max that is similar to, or even greater 
than that, of a RAMP. Original investigations found significant increases in V̇O2max of 8% 
during cycle ergometry (Mauger and Sculthorpe 2012) and 5% during treadmill running 
(Mauger et al. 2013) with the PRETmax protocol. These findings though have been challenged 
due to a lack of control between overall test duration (RAMP: 13 ± 3 vs PRETmax: 10 ± 0 min; 
Mauger and Sculthorpe 2012), and the fact that different treadmills (RAMP: motorised vs 
PRETmax: nonmotorised; Mauger et al. 2013) were used (Eston et al. 2014; Poole 2014). 
Subsequently, an increase in V̇O2max during motorised treadmill running has been found 
during PRETmax compared to RAMP (Hogg et al. 2015). However, this was only when during 
PRETmax participants changed gradient compared to the speed-guided RAMP. In the 
PRETmax where the speed was altered there was no difference in V̇O2max between that and 
RAMP (Hogg et al. 2015). Previously incremental tests using higher treadmill gradients have
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Table 2.5: Summary of studies investigating the maximal perceptually-regulated exercise test (PRETmax) protocol. 
Reference Exercise 
mode 
Participants PRETmax protocol Results: V̇O2max Conclusion 
Mauger and 
Sculthorpe 
(2012) 
Cycle 
ergometry 
Untrained males (n = 11) 
and females (n = 5; 22 ± 7 
years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20.  
RAMP: 37 ± 8 ml·kg-1·min-1 
PRETmax: 40 ± 10 ml·kg-1·min-1 
8% greater V̇O2max in PRETmax. 
Chidnok et al. 
(2013) 
Cycle 
ergometry 
Recreationally active 
males (n = 7; 20 ± 1 
years). 
7 stages at RPE 8, 10, 
12, 14, 16, 18, 20. 
Stage duration divided 
to match total duration 
of RAMP. 
RAMP: 4.33 ± 0.60 L·min-1 
PRETmax: 4.36 ± 0.59 L·min-1 
No difference in maximal 
physiological responses 
between protocols. 
Straub et al. 
(2014) 
Cycle 
ergometry 
Trained male (n = 12; 33 
± 8 years) and female (n = 
4; 38 ± 5 years) cyclists. 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 3.9 ± 0.7 L·min-1 
PRETmax: 3.9 ± 0.7 L·min-1 
No difference in maximal 
physiological responses 
between protocols. Test-retest 
reliability similar between 
protocols. 
Astorino et al. 
(2015) 
Cycle 
ergometry 
Recreationally active 
males (n = 19) and 
females (n = 11; 26 ± 5 
years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 47.2 ± 10.2 ml·kg-1·min-1 
PRETmax: 50.2 ± 9.6 ml·kg-1·min-1 
Greater V̇O2max in PRETmax 
accompanied by greater 
cardiac output and heart rate. 
Jenkins et al. 
(2017a)  
Cycle 
ergometry 
Younger males and 
females (n = 22; 25 ± 4 
years).  
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 47.7 ± 10.0 ml·kg-1·min-1 
PRETmax: 49.7 ± 10.3 ml·kg-1·min-1 
Greater V̇O2max, cardiac output 
and stroke volume in young 
group. 
Jenkins et al. 
(2017a) 
Cycle 
ergometry 
Older males and females 
(n = 22; 59 ± 6 years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 39.0 ± 9.5 ml·kg-1·min-1 
PRETmax: 39.1 ± 8.6 ml·kg-1·min-1 
No differences between 
protocols in older group. 
 
Jenkins et al. 
(2017b)  
Cycle 
ergometry 
Post-myocardial 
infarction males (n = 26) 
and females (n = 2; 58 ± 8 
years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 21.3 ± 4.9 ml·kg-1·min-1 
PRETmax: 23.1 ± 4.9 ml·kg-1·min-1 
Greater V̇O2max in PRETmax 
accompanied by greater heart 
rate and ventilation rate. 
 
Evans et al. 
(2014) 
Recumbent 
cycle 
ergometry 
Recreationally active 
males (n = 10; 21 ± 1 
years) and females (n = 6; 
20 ± 2 years). 
6 x 3 min stages at 
RPE 9, 11, 13, 15, 17, 
20  
RAMP: 44.3 ± 4.9 ml·kg-1·min-1 
PRETmax: 43.5 ± 4.1 ml·kg-1·min-1 
No difference in maximal 
physiological responses 
between protocols. Affect 
more positive during PRETmax. 
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Mauger et al. 
(2013) 
Treadmill 
running 
Trained male runners n = 
14; 23 ± 5 years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 61.3 ± 7.3 ml·kg-1·min-1 
PRETmax: 64.3 ± 7.3 ml·kg-1·min-1 
5% greater V̇O2max, but lower 
HRpeak in PRETmax. 
Scheadler and 
Devor (2015)  
Treadmill 
running 
Trained male and female 
runners (n = 13; 25 ± 5 
years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 64.9 ± 8.2 ml·kg-1·min-1 
PRETmax: 63.4 ± 7.8 ml·kg-1·min-1 
2.3% greater V̇O2max in 
RAMP, but not practically 
significant. 
Hogg et al. 
(2015) 
Treadmill 
running 
Trained male runners (n = 
14; 28 ± 5 years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 20 
changing i) incline and 
ii) speed. 
RAMP: 68.6 ± 6.0 ml·kg-1·min-1 
PRETincline: 70.6 ± 4.3 ml·kg-1·min-1 
PRETspeed: 67.6 ± 3.6 ml·kg-1·min-1 
Greater V̇O2max in incline 
protocol, but no difference 
between speed-based RAMP 
and PRETmax. 
Faulkner et al. 
(2015) 
Treadmill 
running 
Recreationally active 
males (n = 13; 26 ± 5 
years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 60.9 ± 4.6 ml·kg-1·min-1 
PRETmax: 63.9 ± 3.3 ml·kg-1·min-1 
Though not statistically 
significant, 4.7% increase in 
PRETmax may be practically 
important. 
Beltz et al. 
(2018) 
Treadmill 
running 
Recreationally active 
males (n = 16; 24 ± 3 
years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 47.4 ± 3.4 ml·kg-1·min-1 
PRETmax: 47.1 ± 3.4 ml·kg-1·min-1 
No difference in maximal 
cardiac output, heart rate, 
stroke volume or arteriovenous 
oxygen difference. 
Hanson et al. 
(2016) 
Treadmill 
running and 
cycle 
ergometry 
Recreationally active 
males (n = 8) and females 
(n = 5; 24 ± 3 years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 56.2 ± 6.8 ml·kg-1·min-1  
PRETtreadmill: 55.6 ± 4.9 ml·kg-
1·min-1 
PRETcycle: 48.3 ± 7.6 ml·kg-1·min-1 
No difference between 
treadmill based protocols, but 
cycle protocol was 
significantly less than both. 
Lim et al. 
(2016) 
Treadmill 
(RAMP) 
and outdoor 
(PRETmax) 
running 
Recreationally active 
males (n = 15; 24 ± 5 
years). 
5 x 2 min stages at 
RPE 11, 13, 15, 17, 
20. 
RAMP: 63.5 ± 10.1 ml·kg-1·min-1 
PRETmax: 65.5 ± 8.7 ml·kg-1·min-1  
No difference in maximal 
physiological responses 
between protocols. 
PRETcycle: perceptually-regulated exercise test performed on a cycle ergometer; PRETincline: perceptually-regulated exercise test regulated by changing incline; PRETspeed: perceptually-regulated exercise test 
regulated by changing running speed; PRETtreadmill: perceptually-regulated exercise test performed on a treadmill; RAMP: ramp-incremented exercise test; RPE: rating of perceived exertion; V̇̇O2max: maximal 
oxygen uptake 
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 been shown to lead to higher V̇O2max values (Pringle et al. 2002), so there may be a 
limitation when comparing speed- and gradient-regulated protocols. Additional evidence for 
greater V̇O2max during PRETmax is found during cycle ergometry in recreationally active AB 
individuals (Astorino et al. 2015; Jenkins et al. 2017b). The greater V̇O2max was also 
accompanied by increased cardiac output in both studies, suggesting a possible mechanistic 
explanation for the apparent increase in V̇O2max. However in the study of Astorino et al. 
(2015) they report test duration for the PRETmax of 9.6 ± 0.8 min for a protocol that should 
have lasted 10 min for each participant. This inability to correctly implement that PRETmax 
protocol leads to questions over the reliability and validity of the findings. Furthermore, 
concerns over the measurement and calculation of cardiac output by Jenkins et al. (2017b) 
also compromise the validity of their results (Eston and Esterman 2017). Though Jenkins et al. 
(2017b) report greater cardiac output in the PRETmax compared to RAMP, they also show a 
reduced arteriovenous oxygen difference, which when using the Fick equation gives similar 
V̇O2max values between protocols (Eston and Esterman 2017). This, along with the incidence 
of greater calculated V̇O2max from the Fick equation than that which was directly measured, 
compromises the authors finding of protocol-related differences in exercise responses (Eston 
and Esterman 2017). 
Though there is evidence that the PRETmax leads to a greater V̇O2max than RAMP, the 
validity of this is challenged through the aforementioned criticisms ascertaining to 
methodological procedures related to the supposed mechanism of the increase (Eston et al. 
2014; Poole 2014; Eston and Esterman 2017). Indeed, many studies have found no difference 
in maximal physiological responses between PRETmax and RAMP during cycle ergometry 
(Chidnok et al. 2013a; Evans et al. 2014; Straub et al. 2014) and running (Faulkner et al. 
2015; Scheadler and Devor 2015; Hanson et al. 2016; Lim et al. 2016; Beltz et al. 2018).  
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When reviewing the existing literature on the PRETmax (Table 2.5), there is a 
noticeable absence of i) studies involving UBE modalities, and ii) participants with a 
disability. Investigations into the PRETmax are in their infancy (Beltz et al. 2016), however it 
is necessary to study the protocol within both UBE and persons with a disability. Currently 
for people with SCI, the recommendation is to use a RAMP with small, individualised 
increments with each stage (Eerden et al. 2018). However, given the noted advantages of the 
PRETmax in AB populations, it warrants investigation in disabled populations also. 
2.5.4 RPE in exercise interventions 
 Experimental support for the use of RPE for exercise intensity prescription has its 
foundation in studies using an estimation versus production design. In such a design the 
physiological response is compared between workload-guided (estimation) and RPE-guided 
(production) exercise bouts. Typically, the estimation trial is performed first with RPE 
measured throughout. For the production trial, participants are asked to produce a work rate 
that is equivalent to the RPE reported in the estimation trial. Such a design has shown that 
using RPE to guide exercise intensity is valid in AB participants during running (Eston et al. 
1987; Green et al. 2002; Kang et al. 2003), cycle (Dunbar et al. 1992; Kang et al. 2003, 2009), 
elliptical (Green et al. 2004) and rowing exercise (Marriott and Lamb 1996). Only a single 
study has investigated UBE and AB participants (Paulson et al. 2013a). It was found that 
exercise production using RPEP significantly overestimated the V̇O2 at a light intensity (40% 
V̇O2max), but was valid at a moderate intensity (60% V̇O2max), whereas RPEO was valid at a 
light intensity but underestimated at a moderate intensity (Paulson et al. 2013a). However, 
despite this encouraging evidence for the use of production RPE, as these findings are from 
single, isolated bouts of exercise they offer limited support towards using RPE as part of a 
chronic exercise training regime. 
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 In one such study aimed at investigating the use of production RPE during training, 
78 AB patients undergoing cardiac rehabilitation where assigned to LBE groups with i) HR, 
ii) RPE or iii) combined HR and RPE guidance (Ilarraza et al. 2004). Across a month-long 
intervention of 30 min cycle training, five times weekly, there was no significant difference 
in the group average training responses: 65, 64 and 69% HR reserve for HR, RPE and 
combined HR-RPE guidance, respectively (Ilarraza et al. 2004). Though this supports the 
accuracy of RPE-guided training, the data contain some limitations. As well as the variation 
in response not being reported, group averaged %HR reserve values are only presented for 
the entire intervention period, the between-session variation in response to RPE-guided 
training is not reported as a measure of the reliability of the method. Furthermore, the training 
was implemented at RPE 13, synonymous with “moderate” intensity (Table 2.1), however the 
HR response was equivalent to 64% HR reserve, which would be classed as “vigorous” 
(Garber et al. 2011).  
 Using healthy, but previously sedentary AB participants, Parfitt et al. (2012) 
implemented an 8-week programme of 30 min treadmill exercise, three times weekly. All 
training was performed at RPE 13 (“somewhat hard”). Not only was the intervention 
successful in improving V̇O2max, but the training session-averaged estimate of V̇O2 increased 
from the initial (19.2 ± 1.1 ml·kg-1·min-1) to the final (23.4 ± 1.1 ml·kg-1·min-1) session of the 
intervention (Parfitt et al. 2012). These values equated to 61 ± 7 and 64 ± 7% of pre and post-
training V̇O2max, respectively and the classification of moderate to vigorous exercise intensity 
(Parfitt et al. 2012). Interestingly, in a subsequent study investigating the efficacy of training 
at RPE 13 compared to RPE 15 (“hard”), it was shown that estimated training intensities were 
equal to 74% and 79% V̇O2max, respectively (Parfitt et al. 2015). As such, there were large 
differences between studies in the estimated training intensity at RPE 13, which could prove 
a limitation to the approach. It is possible that because one study (Parfitt et al. 2012) utilised a 
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supervised training programme, whilst the other (Parfitt et al. 2015) was unsupervised, the 
differences in the exercise intensity at RPE 13 are as a result of the methods employed. If this 
is the case, it makes an important point about the level of supervision employed in 
investigations concerning RPE-guided training. Notably though, both studies estimated the 
V̇O2 for training sessions based on the treadmill gradient and speed using standardised 
equations (American College of Sports Medicine et al. 2018). It cannot be discounted that the 
variation in this approach contributed to the disparate findings. It highlights though, that for 
studies investigating the validity and reliability of RPE-guided training, direct, objective 
measures of exercise intensity need to be taken throughout the training intervention. These 
then allow the calculation of relative exercise intensity for each participant, and the 
subsequent thorough analysis of the validity and reliability of using RPE-guided training. 
 As with the research into the PRETmax, one consistent feature within the research into 
production RPE training is the absence of investigations using an UBE mode. For many AB 
participants, UBE is a novel and unfamiliar form of exercise so as such can give insights into 
the initial pattern of responses to RPE-guided training. This could have impact for people 
with an acute SCI about to start exercise training as part of their rehabilitation programme. 
2.5.5 RPE for exercise prescription in SCI 
 The benefits of using RPE for exercise intensity prescription, namely cost-
effectiveness and being easy to implement, are also relevant for the population with SCI. 
However, as with the exercise guidelines, recommendations over the valid and reliable use of 
production RPE for exercise prescription cannot be generalised from findings in AB 
populations performing LBE. Production RPE training has been used in exercise 
interventions for people with SCI in programmes lasting 6-16 weeks (Kim et al. 2015; 
Nooijen et al. 2015; Pelletier et al. 2015; Totosy de Zepetnek et al. 2015; van der Scheer et al. 
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2016). Interestingly, these studies have all used the CR-10 scale with the prescribed intensity 
ranging from 1-3 (van der Scheer et al. 2016) to 5-7 (Kim et al. 2015). Studies implementing 
RPE at a moderate to vigorous intensity have been successful in leading to an increase in 
V̇O2peak (Kim et al. 2015; Nooijen et al. 2015; Pelletier et al. 2015; Totosy de Zepetnek et al. 
2015), lending support that RPE can be effective as a primary method of exercise intensity 
prescription for SCI. To further enhance RPE-guided training design in SCI, it would have 
been interesting for these studies to report the within and between-training session V̇O2 
response, in order to understand the reliability of RPE-guided training and how it may change 
over the course of a training intervention. 
 A study investigating participants with paraplegia performing HC exercise utilised an 
estimation versus production design (Goosey-Tolfrey et al. 2010). At both a moderate (50% 
V̇O2peak, RPE 12) and vigorous (70% V̇O2peak, RPE 16) intensity there were no differences in 
the V̇O2, HR or [BLa] responses between estimation and production trials (Goosey-Tolfrey et 
al. 2010). There was though variation in the response with 95% limits of agreement (LoA) for 
both intensities ranging from -2 to 9% V̇O2peak (Goosey-Tolfrey et al. 2010). Similarly, for 
trained wheelchair rugby players with tetraplegia performing MWP there were no differences 
between estimation and production trials in V̇O2 (68 ± 4 versus 71 ± 9% V̇O2peak) or RPE 
(median: 12; interquartile range: 11-14 versus 12, 11-14) (Paulson et al. 2013b). Despite 
these promising findings, the lack of further corroborating studies involving different exercise 
modalities and participants with a range of fitness level prohibits conclusive 
recommendations about using production RPE in SCI (van der Scheer et al. 2018).  
2.5.6 RPE, exercise prescription and affect 
 The role of RPE in exercise prescription requires further investigation when 
considering the interaction between exercise intensity, affect and exercise adherence. Affect 
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is the pleasure or displeasure that is felt at any moment, and during exercise can be measured 
using the Feeling Scale (Figure 2.8) (Hardy and Rejeski 1989). It has been shown that there is 
an inverse relationship between affect and exercise intensity, meaning that as exercise 
intensity increases, affect generally decreases (Ekkekakis et al. 2011). At intensities up to the 
ventilatory threshold, however, the exercise intensity often does not negatively impact the 
affective response and that only when exercise exceeds this threshold does affect decline 
(Ekkekakis et al. 2011). The importance of affect in relation to exercise training is 
highlighted by the finding that more positive affective response to a supervised training 
programme successfully predicted greater physical activity levels at 6 and 12 month follow 
up in previously sedentary, AB individuals (Williams et al. 2008). This relationship between 
exercise-related affect and adherence to a training programme has led for a call to more 
greatly consider the role of affective responses to exercise when designing and implementing 
interventions (Ekkekakis et al. 2011). This could be of particular relevance for people with 
SCI, given the low habitual physical activity levels of this population (van den Berg-Emons 
et al. 2010).  
Support for RPE-guided training could be further enhanced when considering affective 
responses to exercise. When a prescribed exercise intensity exceeded a self-selected level by 
10%, a significant decline in affect was observed (Lind et al. 2008). However, as the self-
selected and imposed intensities were below, and above the ventilatory threshold, 
respectively, the difference in affect cannot be solely attributed to the locus of control over 
the exercise intensity (Lind et al. 2008). In studies where the exercise intensity has been 
matched between self-selected and imposed conditions, it has been shown that affect is 
significantly more positive in self-selected conditions (Rose and Parfitt 2007; Hamlyn-
Williams et al. 2014). Production RPE allows the participant to set the intensity of the 
training, in contrast to an estimation setting where the intensity is imposed. It is possible that 
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RPE-guided training allows the maintenance of a more positive affect which could lead to 
greater exercise adherence. In support of this, a month long training intervention at RPE 13 
was perceived as pleasant throughout (FS rating: 3 ± 1) (Parfitt et al. 2012). As this study 
however did not include an intensity-matched group training at an imposed intensity, it 
cannot be stated that RPE-guided training has a beneficial impact on affect, only that RPE 13 
was rated as positive. 
Figure 2.8: The Feeling Scale (Hardy and Rejeski 1989).  
2.6 Summary 
  Significant knowledge gaps exist regarding the use of RPE for regulating UBE 
intensity, how this relates to both AB and participants with SCI and within the frameworks of 
exercise testing and exercise prescription. Within the context of exercise testing, there has 
been an increase in the use of RPE-guided protocols (submaximal and maximal) for 
measuring exercise responses. The PRET and PRETmax have the advantages of being fixed in 
duration; affording the participant control over the pacing strategy; and being perceived as 
generating more positive affective responses. Despite this, current research has focused solely 
on AB participants performing LBE. It remains to be demonstrated if the PRETmax can be 
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used to determine a reliable and valid measure of maximal exercise responses during UBE, 
and in participants with a disability. With respect to the guidelines for exercise prescription 
there is presently insufficient evidence to support the use of RPE for the primary prescription 
of exercise training intensity in AB and SCI populations. Even given the practical advantages 
of using RPE, and the limitation of using HR in those with high level SCI, the SCI-specific 
exercise guidelines also still recommend using an objective marker of exercise intensity. 
Compared to training based on objective markers of exercise intensity, RPE is simpler, and 
less expensive to implement for both AB and people with SCI, however the physiological 
responses to RPE-guided training remain to be detailed in depth. 
Finally, since the aim of this PhD thesis is to address populations such as persons with 
a SCI, the findings utilising AB individuals performing UBE cannot necessarily be 
generalised between population groups. Therefore, an investigation aimed at understanding 
the differences in RPE responses to UBE between AB and SCI is warranted. As such, the 
following experimental chapters of this thesis will aim to answer the following questions: 
• Can the PRETmax be used to gain a reliable and valid measure of peak exercise responses 
to HC in AB (Study 1 and 2)? 
• Can the PRETmax be used to gain a reliable and valid measure of peak exercise responses 
to ACE in participants with a disability (Study 3)? 
• Does UBE training based on RPE lead to a physiological response indicative of moderate 
to vigorous exercise intensity, and does this response change over the course of a training 
intervention (Study 4)? 
• Are there any differences in RPE responses between AB and SCI when performing UBE 
(Study 5) and do the findings support the use of RPE for regulating exercise intensity in 
SCI? 
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Chapter 3 
3 General Methods 
Many subsequent chapters utilise similar experimental methods. To avoid repetition, 
these common methods are described in detail herein. 
3.1 Ramp-incremented maximal exercise test 
For all chapters a continuous RAMP was performed to measure peak exercise 
responses. This was performed using a handcycle (Invacare Top End Force 3, Elyria, OH, 
USA) attached to an ergometer (Cyclus 2, Avantronic Richter, Leipzig, Germany; Figure 3.1a) 
in Chapters 4, 5 and 7 (Studies 1, 2 and 4); an ACE (Angio, Lode B. V., Groningen, 
Netherlands; Figure 3.1b) in Chapter 6 (Study 3); and using MWP on a motorised wheelchair 
treadmill (HP Cosmos, Traunstein, Germany; Figure 3.1c) in Chapter 8 (Study 5).  
Prior to all testing procedures participants completed a five-minute self-selected warm-
up. In Chapters 4-7 (Studies 1-4) starting PO was set at 0-40 W and increased by 5-20 
W·min-1. For Chapter 8 (Study 5) starting speed was set at 1.2-3.2 m·s-1 and increased by 0.1 
m·s-1·min-1. The initial workload and the workload increment were adjusted for each 
individual based on their training status and level of physical function, in order to aim for a 
test duration of 10 min to match the duration of the PRETmax. Participants continued until 
volitional exhaustion which, for all studies, was indicated by an inability to maintain the 
required workload. Further indications of exhaustion were participants not being able to 
maintain their preferred cadence in Chapters 4-7 and repeatedly hitting a spring at the rear of 
the safety bar fitted to the treadmill (Chapter 8). Throughout the tests participants were 
instructed to maintain their preferred cadence (Chapters 4-7) or pushing frequency (Chapter 
8). Subjective scales, detailed below, and cadence were the only information visible to 
participants. 
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Peak workload was calculated based on the final completed workload and the proportion of 
the next stage completed using the formula: 
Peak workload = F + ��td� × I� 
Where F = workload of the final completed stage, t = time (s) spent in the final uncompleted 
stage, d = stage duration (s) and I = the workload increment. 
Figure 3.1: Exercise equipment set up for a) handcycle ergometry, b) arm crank ergometry 
and c) wheelchair propulsion.  
a) 
b) c) 
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3.2 Maximal perceptually-regulated exercise test 
The PRETmax was used to measure peak exercise responses in Chapters 4-7 (Studies 1-
4), using the corresponding exercise modality as detailed above. The PRETmax consisted of 
five continuous stages at RPEO 11 (light), 13 (somewhat hard), 15 (hard), 17 (very hard) and 
20 (maximal) on Borg’s RPE scale (Borg 1998). Chapter 4 (Study 1) utilised PRETmax 
protocols with two and three minute stages, making total test durations of 10 and 15 min. The 
variant lasting 10 min was used for Chapters 5-7 (Studies 2-4). Participants were instructed to 
change the PO up or down as often as was required to maintain the desired RPEO, and in the 
final stage in order to achieve a maximal effort that ended in exhaustion at the end of the 
stage. In Chapters 4, 5 and 7 (Studies 1, 2 and 4) participants changed the PO using buttons 
attached to one of the handgrips on the HC that either increased or decreased the PO by 5 W. 
In Chapter 6 (Study 3) participants said either “up” or “down”, at which point the investigator 
changed the PO on the ACE by 3 W in the appropriate direction. The POpeak was defined as 
the highest value from a 30 s rolling average. In all chapters the participants were unaware of 
the magnitude of the change in PO. As with during RAMP, subjective scales and cadence 
were visible to the participant. Additionally, for the PRETmax elapsed time was also 
knowledge of the remaining duration was deemed important for the element of pacing.  
3.3 Measurement of physiological variables 
Gas exchange variables (V̇O2, V̇E, RER) were measured continuously using an online, 
breath by breath gas analyser. The analyser used was a Metalyzer 3B (Cortex, Leipzig, 
Germany) in Chapters 4, 5, 7 and 8 (Studies 1, 2, 4 and 5) and a Moxus Metabolic System 
(AEI Technologies Inc., Pittsburgh, PA, USA) in Chapter 6 (Study 3). The different system 
was used in Chapter 6 as data collection for this study took place at a different location to all 
other studies. Prior to trials the respective system was calibrated according to the 
manufacturer instructions. Gas analysis calibration was performed against ambient air and 
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known gas concentrations (O2 = 17%, CO2 = 5%), with volume was calibrated using a 3 L 
syringe (Hans Rudolph Inc., Shawnee, KS, USA). Heart rate was collected at 1 s intervals 
using a HR monitor (RS400, Polar, Kempele, Finland). Gas exchange variables and HR were 
subjected to 30 s rolling averages, with the greatest single values taken as the peak response 
for each variable. 
Capillary blood samples were taken from the earlobe to measure [BLa]. A 20 µl sample 
of whole blood was taken and mixed with 1 ml of haemolysing solution for analysis using 
Biosen C-line monitor (EKF diagnostics, Barleben, Germany). The analyser was calibrated 
prior to use against a 12 mmol·L-1 standard solution, as per the manufacturer instructions. 
3.4 Measurement of perceptual variables 
Differentiated RPE (RPEP, RPEC and RPEO) were measured using Borg’s 6-20 RPE 
scale in Chapters 4-7 (Studies 1-4) and CR-10 in Chapter 8 (Study 5) (Borg 1998). Upon 
instruction by the investigator participants verbally reported their RPE whilst looking at the 
scale. Prior to each trial participants were read standardised verbal instructions on the use of 
the relevant RPE scale (Borg 1998) and were specifically asked to focus on the degree of how 
hard, heavy and strenuous the physical task was (Marcora 2010). For RPEP participants were 
asked to focus on the RPE of the exercising muscles, on their heart and lungs for RPEC, and 
for a combination of them all for RPEO. 
Affect was measured during exercise using the 11-point Feeling Scale (FS) (Hardy and 
Rejeski 1989) in Chapters 6-7 (Studies 3-4). The scale ranges from +5 (very good) to -5 (very 
bad). Participants were instructed to consider how good or bad they felt at that moment and to 
verbally report the corresponding number.  
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Chapter 4 
4 STUDY 1: Comparison of physiological responses to perceptually-regulated 
handcycle exercise testing of different duration. 
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4.1 Abstract 
Purpose: To examine the submaximal and peak physiological responses to PRETmax using 
two and three minute stages (10 versus 15 min total duration) during HC exercise in AB 
participants. 
Methods: Ten recreationally active, but not UBE trained individuals (9 male, 1 female; 24 ± 
1 years) completed two trials with 48-120 hours of rest in between. Using a randomised 
counterbalanced design, participants completed two PRETmax trials which both consisted of 
five stages at RPEO 11, 13, 15, 17 and 20. In one trial the stage duration was 2 min (10 min 
total duration), whereas in the other stage duration was 3 min (15 min total duration). Gas 
exchange variables (V̇O2, RER, V̇E), HR and PO were collected throughout. Differentiated 
RPE (RPEP, RPEC and RPEO) were collected at the end of each stage throughout trials. 
Results: There were no differences in absolute (2.1 ± 0.4 vs 2.1 ± 0.4 L·min-1, P = 0.84) or 
relative (27.2 ± 4.4 vs 27.0 ± 4.8 ml·kg-1·min-1, P = 0.81) V̇O2peak, V̇Epeak (85.5 ± 22.4 vs 
83.8 ± 25.1 L·min-1, P = 0.70), HRpeak (163 ± 11 vs 162 ± 13 beats·min-1, P = 0.81), or POpeak 
(136 ± 32 vs 128 ± 35 W, P = 0.31) between the 10 and 15 min tests, respectively. At RPE 11, 
13, 15 and 17, there were no significant differences in V̇O2 (mean difference, 95% 
confidence interval; 1.0, -0.7-2.6 ml·kg-1·min-1; P = 0.36), V̇E (2.5, -3.4-8.4 L·min-1; P = 
0.72) or HR (4, -4-12 beats·min-1; P = 0.53) between trials. 
Conclusion: There were no differences in the submaximal or peak V̇O2, ventilatory and HR 
responses to PRETmax protocols using two or three minute stages. Therefore, given the 
shorter overall duration, the 10 min PRETmax is the preferable variant. 
  
 63 
 
4.2 Introduction 
Recently there has been an interest in using a PRETmax for measuring V̇O2max during 
LBE (Mauger and Sculthorpe 2012; Mauger et al. 2013; Chidnok et al. 2013b; Straub et al. 
2014; Evans et al. 2014; Astorino et al. 2015; Scheadler and Devor 2015; Faulkner et al. 2015; 
Hogg et al. 2015; Lim et al. 2016; Hanson et al. 2016, 2017; Jenkins et al. 2017a, b; Beltz et 
al. 2018). The PRETmax typically consists of five, 2 min stages (Mauger and Sculthorpe 2012) 
performed at RPE 11 (light), 13 (somewhat hard), 15 (hard), 17 (very hard) and 20 (maximal) 
on Borg’s 6-20 RPE scale (Borg 1998). Within each stage the participant can vary the 
workload (e.g. power output, speed, gradient) whilst maintaining the required RPE for that 
stage. Though not specifically justified as such, the aim for this protocol design (5 x 2 min) 
would appear to be to satisfy the recommendation of having test duration of 10 minutes for 
maximal exercise testing (Yoon et al. 2007). Indeed, the PRETmax has been validated for 
measuring V̇O2max against a traditional RAMP during LBE (Chidnok et al. 2013b; Evans et al. 
2014; Straub et al. 2014; Lim et al. 2016; Hanson et al. 2017; Beltz et al. 2018).  
Though validated for assessing maximal exercise responses to LBE, researchers and 
applied practitioners are also interested in the submaximal physiological responses to 
exercise testing. These can be used to identify metabolic inflection points, such as the 
ventilatory threshold, or to set and monitor training loads (Bentley et al. 2007). In traditional, 
workload-guided exercise testing, when submaximal parameters are to be assessed, stage 
duration is recommended to be three minutes (Bentley et al. 2007). At intensities with no 
V̇O2 slow component, steady state V̇O2 responses are attained within three minutes (Whipp 
and Wasserman 1972). Furthermore, lactate diffusion kinetics demand a three minute, or 
greater, stage duration to ensure that a precise [BLa] measurement is made (Bentley et al. 
2007). Accordingly, three minute, workload-guided stages have been shown to be valid and 
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reliable for the assessment of submaximal V̇O2, HR, and blood lactate thresholds (Weltman 
et al. 1990; Bishop et al. 1998).  
Currently, only a single study has investigated the submaximal responses to the 
PRETmax (Evans et al. 2014). During recumbent cycle ergometry, Evans et al. (2014) found 
no difference in the V̇O2 at RPE 11, 13, 15 or 17 between RAMP and PRETmax. However, in 
contrast to other studies, Evans et al. (2014) utilised three minute stages during the PRETmax. 
Based on the literature investigating workload-guided exercise, a PRETmax using a two 
minute stage would seem inappropriate in order to assess physiological responses during the 
submaximal stages, however this requires further investigation. Therefore, it is not known if 
meaningful inferences can be made based on the submaximal responses during the initial 
stages of the PRETmax when using two minute stages. Understanding this would aid 
researchers and practitioners with designing and selecting a protocol that was suitable for 
assessing their desired variables. 
A further limitation to the existing literature on the PRETmax, is an absence of UBE 
modalities. UBE is the primary form of locomotion and exercise for MWU, whilst for AB 
provides an alternative for more common LBE modes. As no study has investigated the 
measurement properties of the PRETmax during UBE, investigations into the effect of the 
protocol design are also required. 
Therefore, the aim of this study was to investigate the pattern of physiological response 
to PRETmax with two and three minute stages during UBE. It was hypothesised that at low 
intensities, involving no V̇O2 slow component, there would be no difference in physiological 
response between two and three minute stages. However, at higher intensities there would be 
a greater response to a three minute stage due to the contribution of the V̇O2 slow component. 
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4.3 Methods 
4.3.1 Experimental design 
 Ten healthy, active AB participants (9 male, 1 female; 24 ± 1 years; 1.76 ± 0.04 m; 
77.4 ± 6.8 kg) volunteered to take part in this study, which consisted of two trials performed 
in a randomised and counterbalanced order. Randomisation was performed using a computer-
generated randomisation list. Trials were performed with a minimum of 48 and maximum of 
120 hours between sessions. Participants were recreationally active (6 ± 3 h·week-1, self-
report physical activity) but unfamiliar with HC exercise. Further inclusion criteria were the 
absence of co-morbidities, such as cardiovascular disease or hypertension that could be 
exacerbated by maximal exercise, and existing musculoskeletal injury to the upper body. In 
the 24 and 6 hours preceding trials participants were asked to abstain from vigorous exercise 
and alcohol, and caffeine respectively. Prior to the first trial participants recorded their 24 
hour food intake, for replication prior to the subsequent trial. All testing was conducted in the 
same HC, as described in Section 3.1. The HC was configured to the preference of each 
participant, but allowing slight elbow flexion at the furthest point in the pedal cycle. HC 
configuration was recorded at the first trial and replicated for the second trial. 
4.3.2 PRETmax testing 
 Participants completed two PRETmax tests, as described in Section 3.2. One PRETmax 
utilised two minute stages, resulting in a 10 min total duration (PRETmax10), with the second 
trial using three minute stages, and therefore 15 min total duration (PRETmax15). During both 
trials physiological and perceptual measures were collected and processed for peak responses 
as described in Section 3.3 and 3.4, respectively. Submaximal values for V̇O2, V̇E, HR and 
PO were extracted corresponding to RPE 11, 13, 15 and 17 from both PRETmax10 and 
 66 
 
PRETmax15. Variables were recorded at the end of each two (“2_2”) and three (“3_3”) minute 
stage, as well as two minutes into each three minute stage (“2_3”).  
4.3.3 Statistical analysis 
 Analysis was performed using IBM SPSS Statistics 22 (SPSS Inc., Chicago, IL.). 
Parametric data are presented as mean ± SD and non-parametric data are presented as median 
(interquartile range). Statistical significance was accepted at P < 0.05. Data were checked for 
normal distribution using the Shapiro Wilk statistic. Differences in peak responses to the two 
PRETmax were assessed by paired samples t-test. Differences in maximal perceptual 
responses were assessed using a Wilcoxon Signed Ranks Test. 
 To investigate the effect of stage duration on V̇O2, V̇E, HR and PO submaximal 
responses to PRETmax, two-way 3 x 4 ANOVA were performed, with repeated measures on 
Trial (“2_2” x “2_3” x “3_3”) and RPE (11 x 13 x 15 x 17). Bonferroni post-hoc tests were 
used for multiple comparisons.  
4.4 Results 
4.4.1 Peak exercise responses to PRETmax10 and PRETmax15 
 Maximal responses to both trials are shown in Table 4.1. There were no significant 
differences between PRETmax10 and PRETmax15 in absolute V̇O2peak (t(9) = 0.21, P = 0.84), 
relative V̇O2peak (t(9) = 0.25, P = 0.81), RERpeak (t(9) = 1.37, P = 0.20), V̇Epeak (t(9) = 0.39, P = 
0.70), HRpeak (t(9) = 0.24, P = 0.81), BLapeak (t(9) = 0.01, P = 0.99) or POpeak (t(9) = 1.09, P = 
0.31). Similarly, there was no significant difference between protocols for peak RPEP (Z = -
1.34, P = 0.18), RPEC (Z = -0.38, P = 0.71), or RPEO (Z = -1.41, P = 0.16). 
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Table 4.1: Descriptive statistics for maximal exercise responses PRETmax with 10 
(PRETmax10) and 15 (PRETmax15) min total duration. 
 PRETmax10 PRETmax15 
V̇O2peak (L·min-1) 2.1 ± 0.4 2.1 ± 0.4 
V̇O2peak (ml·kg-1·min-1) 27.2 ± 4.4 27.0 ± 4.8 
RERpeak  1.24 ± 0.07 1.22 ± 0.08 
V̇Epeak (L·min-1) 85.5 ± 22.4 83.8 ± 25.1 
HRpeak (beats·min-1) 163 ± 11 162 ± 13 
BLapeak (mmol·L-1) 9.13 ± 1.82 9.12 ± 2.24 
POpeak (W) 136 ± 32 128 ± 35 
RPEP 20 (20, 20) 20 (20, 20) 
RPEC 19 (17, 20) 19 (18, 20) 
RPEO 20 (20, 20) 20 (19, 20) 
[BLa]peak: peak blood lactate concentration; HRpeak: peak heart rate; POpeak: peak power output; RERpeak: peak respiratory exchange 
ratio; RPEc: central rating of perceived exertion; RPEo: overall rating of perceived exertion; RPEp peripheral rating of perceived exertion; 
V̇Epeak: peak minute ventilation; V̇O2peak: peak oxygen uptake. 
4.4.2 Submaximal responses during PRETmax10 and PRETmax15 
 For V̇O2 there was a main effect of trial (F(1.19) = 60.93, P = 0.02) and intensity (F(1.23) 
= 1055.65, P < 0.005, Figure 4.1a). Bonferroni post-hoc analysis showed that V̇O2 was 
greater at the end of a two minute (mean difference, 95% confidence interval: 1.9, 0.2-3.7 
ml·kg-1·min-1; P = 0.03) and three minute (1.0, 0.3-1.6 ml·kg-1·min-1; P = 0.01) stage, 
compared to two minutes into a three minute stage. Furthermore, V̇O2 significantly increased 
at each increasing RPE level (P ≤ 0.01). There was no significant difference between V̇O2 at 
the end of two or three minute stages (1.0, -0.7-2.6 ml·kg-1·min-1; P = 0.36) and no 
interaction of trial and intensity (F(2.31) = 0.52, P = 0.63). 
Similarly, for V̇E there was a main effect of trial (F(1.17) = 5.11, P = 0.04) and 
intensity (F(1.20) = 65.18, P < 0.005, Figure 4.1b). V̇E significantly increased from the two
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Figure 4.1: Comparison for a) V̇O2, b) V̇E, c) HR and d) PO between the end of a two minute stage (2_2), end of a three minute stage (3_3) and 
two minute point of a three minute stage (2_3). Data are presented as mean ± SD *: significant effect of RPE; †: significantly greater than “2_3”; 
‡: significantly greater than “3_3”. 
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minute timepoint to the end of a three minute stage (2.9, 0.9-4.8 L·min-1; P = 0.01). There 
was no significant difference between V̇E at the end of a two minute stage compared to the 
two minute mark within (5.4, -0.5-11.3 L·min-1; P = 0.08), or end (2.5, -3.4-8.4 L·min-1; P = 
0.72) of a three minute stage. With each increasing level of RPE, there was a significant 
increase in V̇E (P ≤ 0.002). There was no interaction between trial and intensity (F(2.05) = 0.98, 
P = 0.40). 
With regards to HR there was a main effect of intensity (F(1.30) = 114.49, P < 0.005), 
with HR significantly increasing at each level of RPE (P < 0.005, Figure 4.2c). There was no 
main effect of trial (F(1.11) = 1.63, P = 0.23) or interaction between trial and intensity (F(2.79) = 
1.15, P = 0.35).  
There was a main effect of both trial (F(1.34) = 22.95, P < 0.005) and intensity (F(1.41) = 
87.09, P < 0.005) for PO (Figure 4.2d). Power output was significantly greater at the end of a 
two minute stage compared to the two minute timepoint within (10, 4-16 W; P = 0.01), and 
end of (10, 4-15 W; P = 0.01) a three minute stage. There was no significant change in PO 
from the two minute timepoint to the end of a three minute stage (0, -3-2 W; P > 0.995). With 
each increasing level of RPE there was a significant increase in PO (P ≤ 0.001). There was no 
significant interaction between trial and intensity (F(3.08) = 0.34, P = 0.80). 
4.5 Discussion 
 This is the first study to investigate the pattern of physiological response to PRETmax 
with different duration stages, during UBE. The main findings suggested that there was no 
difference in the peak or submaximal physiological responses to PRETmax of differing 
exercise durations during HC exercise. These findings are in partial disagreement with the 
hypotheses, as it was expected that V̇O2 would be greater at higher intensities with the use of 
a three minute stage. Ultimately, the results support the use of a PRETmax with two minute 
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stages, and therefore 10 minute total duration, for assessing physiological exercise responses 
during HC exercise. 
Similar V̇O2peak during tests lasting 10 and 15 minutes agrees with previous studies 
that have investigated maximal exercise test protocol design. Early research recommended 
test durations of 10 ± 2 min, since protocols lasting longer than 17 minutes underestimated 
V̇O2max during LBE (Buchfuhrer et al. 1983). Subsequently, Yoon et al. (2007) advocated 
protocols lasting between 8 and 10 minutes, due to findings of greater V̇O2max when an 8 
minute protocol was adopted, compared to tests of 5, 12 and 16 minutes. Therefore, it could 
be surprising that there was no difference in V̇O2peak between the PRETmax trials in this study. 
That said, it has also been shown that V̇O2max during LBE was similar between tests lasting 
10.4 ± 1.7 and 25.9 ± 4.0 min (Bishop et al. 1998). This has led for a subsequent 
recommendation maximal test protocols can last anywhere from 5 to 26 min and still lead to a 
valid measure of V̇O2max, or V̇O2peak (Midgley et al. 2008). As such, both the PRETmax 
protocols trialled in this study would appear to have an optimal total duration. Though 
equivocal for measuring V̇O2peak, shorter test durations do seem to lead to greater POpeak 
values in workrate-guided maximal testing (Bishop et al. 1998; Bentley and McNaughton 
2003; Zuniga et al. 2012). Interestingly, in this study, there was no difference in the POpeak 
between the 10 and 15 minute PRETmax. Given the different test durations it could be 
expected that the POpeak would be greater in the shorter protocol, however the variable-
workload nature of the PRETmax might allow a consistent measurement of POpeak, irrespective 
of test duration. 
Though the present findings regarding peak responses are in accordance with previous 
research, the similar submaximal physiological responses between two and three minute 
stages during PRETmax, contrasts with research investigating workload-guided exercise. 
Interestingly, though not different at the end of two or three minute stages, V̇O2 and V̇E were 
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significantly reduced at the two minute timepoint, within the three minute stage, at RPE 11, 
13, 15 and 17. During workload-guided exercise, V̇O2 increases at the commencement of 
exercise, with steady state responses reached within three minutes (Whipp and Wasserman 
1972). As such, dependent on the speed of the V̇O2 kinetics, a two minute stage may lead to 
an underrepresentation of the actual V̇O2 response. In support of this is evidence that, during 
submaximal PRET, used to predict V̇O2peak, V̇O2 values did not stabilise during two minute 
stages, but did when the stages were three minutes (Morris et al. 2009). As such the 95% 
limits of agreement between measured and predicted V̇O2peak were narrower when the PRET 
stage duration was three, rather than two minutes (Morris et al. 2009). 
Given this evidence, it is perhaps surprising that in the present study there was no 
differences in the physiological responses at submaximal RPE during PRETmax with two and 
three minute stages. This would suggest that participants used the knowledge of the end-point 
of the exercise bout in order to pace their effort and therefore optimise their physiological 
response. It also potentially means that the traditional model of the V̇O2 kinetic response to 
fixed-workload exercise (Whipp and Wasserman 1972) does not apply to variable-workload 
exercise, as in the PRETmax. This is an interesting theme of research that warrants further 
investigation. 
This study is the first to investigate the impact of the PRETmax protocol design on 
physiological responses. The majority of previous investigations into the PRETmax have used 
the same five, 2-min stages (Mauger and Sculthorpe 2012; Mauger et al. 2013; Straub et al. 
2014; Evans et al. 2014; Astorino et al. 2015; Scheadler and Devor 2015; Faulkner et al. 2015; 
Hogg et al. 2015; Hanson et al. 2016, 2017; Lim et al. 2016; Jenkins et al. 2017a, b; Beltz et 
al. 2018), however the initial experiment (Mauger and Sculthorpe 2012) provided no 
justification for such a design. Though, given that there were no differences between 
PRETmax with 10 or 15 minute total duration, the shorter variant would appear preferable due 
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to the reduced burden it places on the participant. This could be particularly important if 
considering participants who may be unaccustomed with vigorous or maximal exercise. This 
is also the first study to investigate the PRETmax using an UBE modality, namely HC exercise. 
The results therefore support further investigations within UBE using the PRETmax protocol, 
for example understanding the measurement properties of the 10 minute PRETmax in both AB 
and participants with a disability.  
4.6 Conclusions 
  The findings from this study suggest that there were no significant differences in the 
peak physiological responses during HC exercise to a PRETmax protocol with exercise test 
duration of either 10 or 15 minutes. Furthermore, there was no effect of stage duration during 
PRETmax on submaximal V̇O2, V̇E or HR responses. Given the shorter overall test duration, a 
10 minute PRETmax can be used to measure submaximal and peak exercise responses during 
UBE in AB participants. 
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Chapter 5 
5 STUDY 2: Assessment of peak oxygen uptake during handcycling: test-retest 
reliability and comparison of a ramp-incremented and perceptually-regulated 
exercise test 
 
 
This chapter has been published in a slightly modified format in PLoS ONE: 
 
Hutchinson MJ, Paulson TAW, Eston R, Goosey-Tolfrey VL (2017) Assessment of peak 
oxygen uptake during handcycling: test-retest reliability and comparison of a ramp-
incremented and perceptually-regulated exercise test. PLoS ONE, 12(7): e0181008. doi: 
10.1371/journal.pone.0181008 
 
 
 
 
 
 
 
 
Study 1 showed that there were no differences in the physiological responses to PRETmax 
lasting 10 or 15 minutes in AB during HC exercise. Study 2 will investigate the reliability of 
the peak physiological responses to PRETmax in AB, whilst also comparing peak responses 
between PRETmax and a workload-guided exercise test during HC exercise. 
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5.1 Abstract  
Purpose: To examine the reliability of a PRETmax to measure V̇O2peak during HC exercise in 
AB and to compare peak responses to those derived from RAMP. 
Methods: Twenty recreationally active AB individuals (14 male, 6 female) completed four 
trials across a 2-week period, using a randomised, counterbalanced design. Participants 
completed two RAMP protocols (20 W·min-1) in week 1, followed by two PRETmax in week 
2, or vice versa. The PRETmax comprised five, 2-min stages clamped at RPEO 11, 13, 15, 17 
and 20. Participants changed PO as often as required to maintain target RPE. Gas exchange 
variables (V̇O2, RER, V̇E), HR and PO were collected throughout. Differentiated RPE were 
collected at the end of each stage throughout trials. 
Results: For relative V̇O2peak, coefficient of variation (CV) was equal to 4.1% and 4.8%, with 
intraclass correlation coefficient (ICC3,1) of 0.92 and 0.85 for repeated measures from 
PRETmax and RAMP, respectively. Measurement error was 0.15 L·min-1 and 2.1 ml·kg-1·min-
1 in PRETmax and 0.16 L·min-1 and 2.3 ml·kg-1·min-1 during RAMP for determining absolute 
and relative V̇O2peak, respectively. The difference in V̇O2peak between PRETmax and RAMP 
was tending towards statistical significance (26.2 ± 5.1 versus 24.3 ± 4.0 ml·kg-1·min-1, P = 
0.06). The 95% LoA were -1.9 ± 4.1 (-9.9 to 6.2) ml·kg-1·min-1. 
Conclusion: The PRETmax can be used as a reliable test to measure V̇O2peak during HC 
exercise in recreationally active AB participants. Though PRETmax tended towards 
significantly greater V̇O2peak values than RAMP, the difference was smaller than 
measurement error for determining V̇O2peak from PRETmax and RAMP. 
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5.2 Introduction 
The measurement of V̇O2peak is critically important for clinicians, coaches and athletes 
alike. Within AB participants performing LBE, not only is it considered to be the best 
indicator of all-cause mortality (Blair 1996), but percentage of V̇O2peak is recommended as a 
primary measure by which to prescribe exercise intensity tailored to an individual’s fitness, 
according to the ACSM (Garber et al. 2011). Furthermore, V̇O2peak can be used to evaluate 
the effects of a training intervention within clinical and athletic populations. Based on the 
pioneering experiments of Hill and colleagues (Hill and Lupton 1923; Hill et al. 1924) the 
phenomenon of V̇O2peak became evident and has led to the development of methods by which 
it can be measured. In a contemporary setting, the measurement of V̇O2peak often takes the 
form of a RAMP, requiring participants to exercise at increasing workloads until volitional 
exhaustion (Whipp et al. 1981). However, it is argued that a RAMP test is unnatural, as the 
open-loop nature of the test means there is no known end-point in terms of exercise time, and 
because it does not allow participants to control either the pacing strategy or the exercise 
intensity (Noakes 2008).  
The idea to use time-limited exercise stages clamped at specific RPE using the Borg 
6-20 RPE Scale (Borg 1998) during a RAMP came from earlier work by Eston and 
colleagues on cardiac patients (Eston and Thompson 1997) and later on young active men 
(Eston et al. 2005). Their research provided initial proof of concept and rationale for a series 
of studies on the efficacy of PRET as a valid means of predicting V̇O2peak from the V̇O2 at 
submaximal RPE (see Coquart et al. (2015, 2016) for reviews). Recently, there has been 
considerable interest in the application of a PRETmax to measure V̇O2max during LBE (Mauger 
and Sculthorpe 2012; Mauger et al. 2013; Chidnok et al. 2013b; Straub et al. 2014; Evans et 
al. 2014; Astorino et al. 2015; Scheadler and Devor 2015; Faulkner et al. 2015; Hogg et al. 
2015; Hanson et al. 2016; Lim et al. 2016; Jenkins et al. 2017b; Beltz et al. 2018). The 
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original PRETmax (Mauger and Sculthorpe 2012) consisted of the same two minute, verbally 
anchored RPE stages (11, 13, 15, 17) as those applied by Eston et al. (2006) with the addition 
of RPE 20 to produce a maximal effort. Other authors have used protocols with seven stages 
at RPE 8, 10, 12, 14, 16 and 20 (Chidnok et al. 2013b) and six, 3-min stages at RPE 9, 11, 13, 
15, 17 and 20 (Evans et al. 2014). As indicated above, these closed-loop protocols have the 
advantages of known duration and in allowing participants a level of autonomy to control 
exercise intensity whilst maintaining a fixed RPE.  
Though there is an acceptance over the potential use of the PRETmax during LBE, a 
debate exists over how the V̇O2max value measured during PRETmax compares to that derived 
from RAMP testing. Notably, 8% and 5% greater V̇O2max values were observed from the 
PRETmax during cycle ergometry (Mauger and Sculthorpe 2012) and treadmill running 
(Mauger et al. 2013), respectively. However, these results have been questioned on the basis 
that they are confounded either by differences in test duration or use of different ergometers 
for the RAMP (motorised treadmill) and PRETmax (non-motorised treadmill) trials (Eston et 
al. 2014). Also, the small difference in V̇O2max reported between RAMP and PRETmax in the 
treadmill study (Mauger et al. 2013), despite reporting otherwise, did not exceed the 
difference which could be attributed to the measurement error of V̇O2max. In contrast, no 
differences in V̇O2max from PRETmax and RAMP have been observed when using the original 
(Straub et al. 2014; Hanson et al. 2016) and variants of the PRETmax (Chidnok et al. 2013b; 
Evans et al. 2014). Methodological inconsistencies are further found in a study comparing 
PRETmax and RAMP protocols that have changed incline and speed, respectively during 
treadmill running (Hogg et al. 2015). Conversely, a study has also compared the PRETmax 
and RAMP using changes in speed and incline, respectively (Scheadler and Devor 2015). In 
these instances, the protocol that altered the incline produced a significantly greater V̇O2max. 
In the case of Hogg et al. (2015) this was the PRETmax, whilst for Scheadler and Devor (2015) 
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it was RAMP. Blinding of participants offers another example of discrepancy between 
studies with some blinding participants to either the speed or PO during trials (Evans et al. 
2014; Straub et al. 2014; Hanson et al. 2016; Lim et al. 2016), and others not blinding 
participants (Mauger and Sculthorpe 2012; Mauger et al. 2013; Jenkins et al. 2017b). The 
combination of equivocal findings with methodological and statistical analysis discrepancies 
make it difficult to draw firm conclusions as to the use of the PRETmax for determining 
V̇O2max compared to RAMP testing. In addition, only a limited number of studies have 
assessed the reliability of peak physiological responses to the PRETmax (Straub et al. 2014; 
Lim et al. 2016; Jenkins et al. 2017a). During RAMP, the day-to-day variation for V̇O2max has 
been characterised as having a coefficient of variation (CV) of 3-4% (Harling et al. 2003; 
Midgley et al. 2006). A CV of 3% (Straub et al. 2014) and 4.7% (Jenkins et al. 2017a) in 
V̇O2max have been observed from repeat PRETmax trials during LBE, although corroborating 
evidence is required in order to support these results.  
Though evidence for the use of the PRETmax is developing, results are limited to LBE 
modalities. Whilst a submaximal PRET using ACE has been shown to be valid for the 
prediction of V̇O2peak (Al-Rahamneh and Eston 2011a), no study has investigated the 
PRETmax using a UBE modality. It has been shown that RPE can be used to regulate exercise 
intensity during HC exercise (Goosey-Tolfrey et al. 2010) and MWP using experienced 
(Paulson et al. 2013b) and novice participants (Paulson et al. 2013a). Evidence supporting the 
ability of the PRETmax protocol to measure V̇O2peak during UBE could have implications for 
the exercise testing of many people with disabilities, such as SCI, where exercise choice is 
limited to those involving the upper body. If the V̇O2peak from PRETmax was shown to be 
comparable to that measured in RAMP within participants who are novice to UBE, this could 
support its use in more experienced users, such as those with chronic SCI or wheelchair 
sportspersons. As such, this study aimed to compare the V̇O2peak values obtained from a 
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PRETmax and RAMP protocol during HC in novice AB users. Based on previous research it 
was hypothesised that there would be no difference in V̇O2peak between PRETmax and RAMP 
and that both would show high reliability. 
5.3 Methods 
5.3.1 Participants 
Twenty (14 male, 6 female), recreationally active AB participants volunteered to take 
part in this study, which was approved by the Loughborough University Ethics Committee 
and conducted in accordance with the Declaration of Helsinki. Written, informed consent was 
obtained from all individual participants included in the study. Descriptive characteristics are 
presented in Table 5.1. Participants were recruited as a convenience sample from the 
University student body and had no prior experience in HC exercise, were free from injury 
and were not partaking in any regular upper body endurance training, as in Paulson et al. 
(2013a).  
Table 5.1: Participant descriptive characteristics. 
 Males (n = 14) Females (n = 6) Group (n = 20) 
Age (years) 23 ± 4 22 ± 4 23 ± 4 
Height (m) 1.80 ± 0.07 1.64 ± 0.07 1.75 ± 0.10 
Body mass (kg) 78.1 ± 13.7 60.6 ± 7.3 72.8 ± 14.5 
Physical activity level (h·week-1) 6.6 ± 3.1 8.7 ± 3.0 7.1 ± 3.1 
Data are presented as mean ± SD. 
5.3.2 Experimental Design 
Participants completed four trials over a two-week period in a randomised, crossover 
design. Randomisation was performed using a computer-generated randomisation list with 
equal allocation size and block size of two. For this, participants completed two RAMP tests 
in week 1, followed by two PRETmax in week 2, or vice versa. All trials were conducted in a 
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laboratory setting using synchronous HC exercise, as described in Section 3.1. Participants 
were fitted into the handcycle to feel comfortable but were required to have some elbow 
flexion at the furthest point in the pedal cycle. Measures for handcycle set up were recorded 
at the first trial and replicated thereafter.   
Main trials were separated by a minimum of 48 and a maximum of 120 h. All trials 
were performed after a 24 h food standardisation period and participants were asked to avoid 
caffeine and alcohol consumption for six and 24 h, respectively, prior to testing and to not 
perform any vigorous exercise in the 24 h before testing. To account for diurnal variations of 
V̇O2 and RPE (Hill et al. 1989), exercise tests were performed at the same time of day within 
participants.  
5.3.3 Peak exercise testing 
Participants completed two RAMP trials as described in Section 3.1, and two 
PRETmax as described in Section 3.2. Following the RAMP trials, a VER phase was 
performed in a subset of 11 participants (six male, five female; 22 ± 3 years; 69.6 ± 15.5 kg; 
1.72 ± 0.10 m) to confirm the V̇O2peak achieved in RAMP. Following the end of the RAMP 
participants received 10 min rest where they either performed unloaded HC exercise or rested. 
The VER was performed at PO 5 W greater than the end of the RAMP. Participants 
continued until they reached volitional exhaustion or until they were unable to maintain their 
preferred cadence despite verbal encouragement. 
Physiological and perceptual measures were collected and processed according to 
Sections 3.3 and 3.4, respectively.  
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5.3.4 Data Processing and Statistical Analysis 
An a-priori power analysis using G*Power 3.1 (Franz Faul, Universitat Kiel, 
Germany) was conducted to determine appropriate sample size. Given the test-retest analysis 
on V̇O2peak in a previous study (Leicht et al. 2009) providing an effect size of 0.97, a sample 
size of 20 was deemed to provide statistical power of 80% at an alpha of 0.05 for the 
assessment of difference in V̇O2peak between protocols. Analysis was performed using IBM 
SPSS Statistics 22 (SPSS Inc., Chicago, IL.). Parametric data are presented as mean ± SD and 
non-parametric data are presented as median (interquartile range). Statistical significance was 
accepted at P < 0.05.  
All data were checked for normal distribution using the Shapiro-Wilk test statistic. 
Heteroscedasticity was assessed using the peak responses from PRETmax and RAMP. The 
absolute difference was correlated against the mean of the two values, with data said to be 
heteroscedastic if the correlation was significant. Data for HRpeak and POpeak were found to be 
heteroscedastic, however log transformation of data did not improve this, so the original non-
transformed data were used for these, and all other variables. Any learning effect via 
familiarisation with UBE was assessed across trial one to four, independent of protocol, using 
one-way analysis of variance (ANOVA) and Greenhouse-Geisser epsilon, with Bonferroni 
post-hoc tests for multiple comparisons. The V̇O2peak measured in RAMP was confirmed by 
performing paired samples t-test on values measured in RAMP and VER. Differences in test 
duration and peak physiological responses between PRETmax and RAMP were assessed via 
paired samples t-test and for peak perceptual responses using Wilcoxon Signed Rank test. 
Bland-Altman plots with 95% limits of agreement (LoA) were performed to assess the 
agreement for peak physiological variables between the two protocols (Bland and Altman 
1999). Paired t-test and 95% LoA were performed on the maximal value for each measure 
obtained during PRETmax and RAMP across repeat trials. 
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Relative reliability of peak physiological variables was assessed by calculating the 
CV and intraclass correlation coefficient (ICC3,1) using an openly available spreadsheet 
(Hopkins 2015). ICC3,1 were interpreted using Munro’s classification where 0-0.25 classed as 
little to no correlation, 0.26-0.49 low correlation, 0.50-0.69 moderate correlation, 0.70-0.89 
high correlation and 0.90-1.00 very high correlation (Plichta et al. 2013). Absolute measures 
of reliability were assessed by calculation of the measurement error and reproducibility using 
the Smallest Detectable Difference (SDD). The measurement error was calculated as the 
within-subject standard deviation and SDD as 2.77 multiplied by the measurement error 
(Bland and Altman 1996). 
5.4 Results 
All participants completed all trials successfully. There was no learning effect or 
familiarisation evident as no significant differences were found across trial 1 to trial 4 for 
absolute (F(1.5) = 0.67, P = 0.48) or relative (F(1.5) = 0.57, P = 0.52) V̇O2peak, HRpeak (F(1.9) = 
0.97, P = 0.39) or POpeak (F(1.4) = 1.09, P = 0.33). Furthermore, Bonferroni post-hoc analysis 
found that there was no difference between any pair of trials for absolute V̇O2peak (range 1.74 
± 0.46 to 1.82 ± 0.52 L·min-1, P > 0.67), relative V̇O2peak (range 23.77 ± 3.96 to 24.91 ± 5.22 
ml·kg-1·min-1, P > 0.99), HRpeak (range 162 ± 17 to 165 ± 16 beats·min-1, P > 0.87) or POpeak 
(range 111 ± 36 to 117 ± 38 W, P > 0.08). There was no significant difference in absolute 
(mean difference, 95% confidence interval; 0.0, -0.1-0.1 L·min-1; t(10) = 0.36, P = 0.72) or 
relative (0.1, -1.4-1.7 ml·kg-1·min-1; t(10) = 0.18, P = 0.86) V̇O2peak between RAMP and VER 
for the first trial (Table 5.2). This was also found for the second RAMP trial (0.0, -0.1-0.1 
L·min-1; t(10) = -0.25, P = 0.81 and 0.5, -2.1-1.2 ml·kg-1·min-1; t(10) = -0.64, P = 0.54). Test 
duration was significantly longer in PRETmax than during RAMP (195, 155-235 s; t(19) = 
10.31, P < 0.01). Descriptive statistics for the maximal responses obtained across repeat trials 
for both PRETmax and RAMP tests are presented in Table 5.3.  
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Table 5.2: Descriptive statistics for V̇O2peak measured during RAMP and VER. 
 RAMP VER P value 
Trial 1 V̇O2peak (L·min-1) 1.6 ± 0.5 1.6 ± 0.5 0.72 
Trial 1 V̇O2peak (ml·kg-1·min-1) 22.6 ± 3.7 22.5 ± 3.6 0.86 
Trial 2 V̇O2peak (L·min-1) 1.6 ± 0.6 1.6 ± 0.5 0.81 
Trial 2 V̇O2peak (ml·kg-1·min-1) 21.9 ± 5.0 22.4 ± 4.2 0.54 
Data are presented as mean ± SD. Analysis was performed on a subset of 11 participants from the full cohort of 20. RAMP: ramp-
incremented exercise test; VER: verification stage; V̇O2peak: peak oxygen uptake. 
 
 
Table 5.3: Descriptive statistics for peak responses from best trial for each protocol. 
 PRETmax RAMP P value 
V̇O2peak (L·min-1) 1.9 ± 0.5 1.8 ± 0.5 0.14 
V̇O2peak (ml·kg-1·min-1) 26.2 ± 5.1 24.3 ± 4.0 0.06 
RERpeak 1.38 ± 0.12 1.48 ± 0.14* 0.01 
V̇Epeak (L·min-1) 92.4 ± 35.5 89.1 ± 36.3 0.32 
HRpeak (beats·min-1) 168 ± 15* 163 ± 17 0.02 
[BLa]peak (mmol·L-1) 8.57 ± 2.31* 7.36 ± 1.87 0.01 
POpeak (W) 110 ± 40 122 ± 34* < 0.01 
Duration (s) 600 ± 0* 405 ± 85 < 0.01 
RPEP 20 (20 to 20)* 20 (19 to 20) 0.03 
RPEC 20 (17 to 20)* 18 (17 to 20) 0.04 
RPEO 20 (20 to 20)* 19 (18 to 20) < 0.01 
Data are presented as mean ± SD or median (IQR). *: significant difference between protocols. [BLa]peak: peak blood lactate 
concentration; HRpeak: peak heart rate; PRETmax: maximal perceptually-regulated exercise test; POpeak: peak power output; RAMP: 
ramp-incremented exercise test; RERpeak: peak respiratory exchange ratio; RPEc: central rating of perceived exertion; RPEo: overall 
rating of perceived exertion; RPEp peripheral rating of perceived exertion; V̇Epeak: peak minute ventilation; V̇O2peak: peak oxygen 
uptake. 
 
5.4.1 Agreement between protocols for peak responses 
When using the maximum value across repeat trials for each protocol, PRETmax 
produced significantly greater values for HRpeak (5, 1-8 beats·min-1; t(19) = 2.67, P = 0.02) and 
[BLa]peak (1.21, 0.39-2.04 mmol·L-1; t(19) = 3.08, P = 0.01) compared to RAMP. PRETmax also 
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resulted in significantly greater peak values for RPEP (Z = -2.21, P = 0.03), RPEC (Z = -2.06, 
P = 0.04) and RPEO (Z = -3.48, P < 0.01) than RAMP. Conversely, RAMP led to 
significantly greater values for POpeak (12, 6-18 W; t(19) = 4.28, P < 0.01) and RERpeak (0.10, 
0.03-0.17 L·min-1; t(19) = 3.14, P = 0.01) than PRETmax. There was no significant difference 
in either absolute (-0.1, -0.2-0.0, t(19) = -1.54, P = 0.14) and relative (-1.9, -3.4-0.1 ml·kg-
1·min-1, t(19) = -2.04, P = 0.06) V̇O2peak, or V̇Epeak (-3.3, -31.7-3.4 L·min-1, t(19) = -1.03, P = 
0.32) between RAMP and PRETmax. Bland-Altman plots with 95% LoA showing the 
agreement in absolute and relative V̇O2peak, HRpeak and POpeak are displayed in Figure 5.1. 
5.4.2 Reliability of peak responses 
 Test-retest statistics for PRETmax and RAMP are shown in Table 5.4. Measurement 
error and CV for relative V̇O2peak were slightly lower for PRETmax compared to RAMP, but 
the two protocols had identical measurement error and CV for HRpeak. For POpeak the 
measurement error and CV are greater for PRETmax compared to RAMP. ICC3,1 was 
classified as “very high” for absolute and relative V̇O2peak during PRETmax. During RAMP 
the ICC3,1 was “very high” for absolute V̇O2peak and “high” for relative V̇O2peak. For HRpeak 
and POpeak ICC3,1 were “very high” for both PRETmax and RAMP. 
5.5 Discussion 
 The purpose of this study was to assess the ability of a PRETmax to quantify V̇O2peak 
during HC exercise in novice AB users and also to compare the V̇O2peak measured between 
PRETmax and RAMP. A further aim was to investigate the test-retest reliability of the 
PRETmax and RAMP for measuring V̇O2peak during UBE. Whilst the V̇O2peak produced in 
PRETmax (26.2 ± 5.1 ml·kg-1·min-1) was, in statistical terms, tending towards being 
significantly greater than that found in RAMP (24.3 ± 4.0 ml·kg-1·min-1), the mean difference 
in V̇O2peak (1.9 ml·kg1·min-1) found between protocols is smaller than the measurement error 
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Figure 5.1: Bland-Altman plots showing 95% LoA for a) absolute V̇O2peak, b) relative V̇O2peak, c) HRpeak and d) POpeak. Mean difference 
between RAMP and PRETmax trials is indicated by solid black line with upper and lower limits indicated by dotted lines.  
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Table 5.4: Test-retest reliability statistics for peak physiological variables obtained in PRETmax and RAMP protocols. 
CV: coefficient of variation; HRpeak: peak heart rate; ICC: intraclass correlation coefficient; POpeak: peak power output; RERpeak: peak respiratory exchange ratio; SDD: smallest detectable difference; V̇Epeak: peak 
minute ventilation; V̇O2peak: peak oxygen uptake.  
 PRETmax RAMP 
 
CV (%) 
Measurement 
error 
SDD ICC3,1 CV (%) 
Measurement 
error 
SDD ICC3,1 
V̇O2peak  
(L·min-1) 
4.2 0.15 0.42 0.96 4.4 0.16 0.44 0.96 
V̇O2peak  
(ml·kg-1·min-1) 
4.1 2.1 5.9 0.92 4.8 2.3 6.3 0.85 
RERpeak 4.4 0.11 0.31 0.59 4.5 0.12 0.34 0.60 
V̇Epeak 
(L·min-1) 
6.8 11.6 32.2 0.95 8.2 13.1 36.3 0.94 
HRpeak 
(beats·min-1) 
2.0 6 17 0.93 2.0 6 17 0.94 
[BLa]peak 
(mmol·L-1) 
7.0 1.17 3.23 0.89 8.4 1.13 3.14 0.82 
POpeak 
(W) 
5.1 11 29 0.97 1.9 4 12 0.99 
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for determining V̇O2peak from both PRETmax and RAMP (2.1 and 2.3 ml·kg-1·min-1, 
respectively). Whilst recognising this small difference in V̇O2peak between the protocols has 
minimal physiological relevance, it cannot be considered to reflect a systematic difference in 
V̇O2peak  between protocols, as it did not exceed the measurement error observed within each 
of the two test protocols. Furthermore, the difference in absolute V̇O2peak between the two 
protocols was not approaching statistical significance. For evidence of a systematic difference, 
one would expect a similar statistical difference in both relative and absolute measures of 
V̇O2peak (Jenkins et al. 2017a, b). Conspicuously other studies showing an increased relative 
V̇O2peak during PRETmax have not reported the accompanying absolute values (Mauger and 
Sculthorpe 2012; Mauger et al. 2013; Hogg et al. 2015). As such, this supports the use of the 
PRETmax as a valid protocol to measure V̇O2peak in AB during HC exercise. 
Previously, Straub et al. (2014) found CV for V̇O2peak of 4% for RAMP and 3% for 
PRETmax, with Jenkins et al. (2017a) reporting values of 4.7% and 8.2% for healthy 
individuals and cardiac rehabilitation patients, respectively. Corresponding results of 4.8% 
for RAMP and 4.1% for PRETmax in the present study support the reliability of the PRETmax. 
Furthermore, measurement error of both RAMP and PRETmax have been reported to be 0.13 
L·min-1 (Straub et al. 2014), with this study resulting in measurement error of 0.16 and 0.15 
L·min-1 for RAMP and PRETmax, respectively. Though the CV and measurement error 
reported for V̇O2peak from PRETmax appear to be slightly greater than previously identified, 
the current study utilised participants that were unfamiliar with HC exercise whereas 
previously, trained cyclists were used (Straub et al. 2014). This suggests that a reliable 
measurement of V̇O2peak can be made using the PRETmax during UBE, even in novice users. 
In addition, the current results help corroborate findings from previous research (Straub et al. 
2014) as to the reliability of identifying POpeak, HRpeak, RERpeak and [BLa]peak from PRETmax. 
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Whilst the current results support the use of the PRETmax as comparable to RAMP for 
quantifying V̇O2peak, research has thus far been equivocal. Previous studies have reported 
both an increase (Mauger and Sculthorpe 2012; Mauger et al. 2013; Astorino et al. 2015; 
Hogg et al. 2015; Jenkins et al. 2017b) and no difference (Chidnok et al. 2013b; Evans et al. 
2014; Straub et al. 2014; Faulkner et al. 2015; Hanson et al. 2016; Lim et al. 2016; Jenkins et 
al. 2017b) in V̇O2peak with PRETmax compared to RAMP. Though theoretically these results 
do provide for an interesting discussion as to the merits of the PRETmax and RAMP, there are 
methodological differences in studies, particularly around the implementation of the final 
RPE 20 stage which make synthesis of findings difficult. In proposing the PRETmax, Mauger 
and Sculthorpe acknowledged that the protocol design “allows subjects to self-pace their 
work rates according to a given end point” (Mauger and Sculthorpe 2012, p. 59). However in 
a subsequent study they instructed participants to “vary their speed to match the RPE for each 
given moment, rather than to pace themselves according to the projected end point of the test” 
(Mauger et al. 2013, p. 1213), in direct conflict with their initial instruction. This method 
results in an immediate premature sprint with a rapid increase in power output, followed 
immediately by diminishing speed or PO to the end-point of the test (Mauger et al. 2013; 
Hogg et al. 2015). The conflicting instructions and apparently diverse methodology in the 
two studies (Mauger and Sculthorpe 2012; Mauger et al. 2013) may account for differences 
in the application of the pacing strategy applied in PRETmax studies. Furthermore, in the study 
of Astorino et al. (2015) it would seem that little instruction was given on how to conduct 
their PRETmax as evidenced by the differences in the pacing strategy used by participants, 
particularly at RPE 20. This is highlighted by participants having to stop before the test had 
finished (mean test duration was 9.6 ± 0.8 min for a test designed to have five, two-minute 
stages).  
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In contrast, this study along with others (Chidnok et al. 2013b; Evans et al. 2014; 
Straub et al. 2014; Hanson et al. 2016) instructed participants to change the PO as often as 
was required in order to maintain the desired RPE and in the final stage such that exhaustion 
occurred at the end of the stage. This implementation of the PRETmax allows true self-pacing 
to the end point throughout the test and has consistently been shown to produce V̇O2peak 
values that agree with those obtained from RAMP (Chidnok et al. 2013b; Evans et al. 2014; 
Straub et al. 2014; Hanson et al. 2016). Though in fact recent research would suggest that the 
pacing strategy used has no influence on the V̇O2peak (Hanson et al. 2017). The mean 
difference in V̇O2peak between protocols has previously been reported as 0.002 L·min-1 
(Straub et al. 2014), 0.05 L·min-1 (Chidnok et al. 2013b), -0.8 ml·kg-1·min-1 (Evans et al. 
2014), 0.04 L·min-1 and 0.13 ml·kg-1·min-1 (Jenkins et al. 2017b), with corresponding values 
of 0.1 L·min-1 and 1.9 ml·kg-1·min-1 in this study. Though greater than in previous research 
and potentially suggestive of reduced agreement in V̇O2peak between PRETmax and RAMP 
during handcycle exercise, the observed 95% LoA serve to corroborate those of previous 
research. In finding no significant difference in V̇O2peak between PRETmax and RAMP, 
Faulkner et al. (2015), reported mean difference for V̇O2peak of 3.0 (lower to upper 95% limits, 
-8.5 to 14.5) ml·kg-1·min-1, with equivalent values of -1.9 (-9.9 to 6.2) ml·kg-1·min-1 in the 
current study. The 95% LoA are a better measure of agreement than the mean difference as 
they factor both the systematic and random variance between protocols (Bland and Altman 
1999). As such, the PRETmax is shown to be comparable to RAMP for measurement of 
V̇O2peak during HC exercise.  
Mechanisms have been proposed to explain the phenomenon of increased V̇O2peak due 
to PRETmax, but these appear to have no scientific underpinning. An increased extraction of 
oxygen at the muscle due to altered muscle recruitment or limb blood flow has been proposed 
(Mauger et al. 2013), whilst evidence has questioned the physiological possibility of this 
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occurrence (Poole 2014). Increased cardiac output during PRETmax has also been proposed as 
a mechanism for increased V̇O2peak (Astorino et al. 2015; Jenkins et al. 2017b). Astorino et al. 
(2015) posit that a decreased physiological load in submaximal self-paced exercise, in 
comparison to prescribed intensities (Lander et al. 2009), minimised fatigue in the early 
stages of the PRETmax to allow a greater “end spurt” in the final stage, leading to an increased 
cardiac output and V̇O2max. Though increased cardiac output during PRETmax most certainly 
offers an interesting perspective, attribution of this end spurt and increased cardiac load to the 
Central Governor Theory (St Clair Gibson and Noakes 2004) seems to contradict the premise 
of a controller that serves to regulate work rate in order to avoid catastrophic disturbances to 
homeostasis. Moreover, the existence of a greater V̇O2peak due to an end spurt or an “all out” 
effort in the final RPE 20 stage (Mauger and Sculthorpe 2012; Mauger et al. 2013; Astorino 
et al. 2015; Hogg et al. 2015; Jenkins et al. 2017b) is challenged by findings of similar 
V̇O2max values between a RAMP test and a three minute all-out protocol (Burnley et al. 2006; 
Chidnok et al. 2013b). Jenkins et al. (2017b) also attributed the higher V̇O2peak observed in 
their study to an increased cardiac output in the PRETmax. However, their finding can be 
questioned based on the significantly greater arteriovenous oxygen difference (a-vO2 diff) 
reported in RAMP (Jenkins et al. 2017b). When calculating the expected V̇O2peak from the 
product of cardiac output and a-vO2 diff, in accordance with the Fick principle, there is no 
difference in the V̇O2peak between protocols (both 4.23 L·min-1). This value is also greater 
than the reported measured maximal values for RAMP (3.34 ± 0.88 L·min-1) and PRETmax 
(3.45 ± 0.87 L·min-1) (Jenkins et al. 2017b). These discrepancies in data among other 
methodological issues in the study of (Jenkins et al. 2017b) have drawn strong criticism 
(Eston and Esterman 2017; Poole 2017). At present, the lack of evidence for a mechanism 
leading to increased V̇O2peak with PRETmax, as well as corroborating evidence showing no 
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difference with RAMP lends support towards the PRETmax being a reliable measure of 
V̇O2peak and comparable to RAMP. 
Though the current finding of comparable measurement of V̇O2peak PRETmax and 
RAMP during HC exercise adds to a growing body of evidence, the present results show 
significantly increased POpeak in RAMP compared to PRETmax. Investigations using lower 
limb, as opposed to upper limb cycling, report no difference in POpeak between PRETmax and 
RAMP (Chidnok et al. 2013b; Straub et al. 2014) and an increase in POpeak with PRETmax 
(Mauger and Sculthorpe 2012; Evans et al. 2014). The increased POpeak with RAMP, but 
trend towards greater V̇O2peak with PRETmax initially appears to suggest a dissociation 
between the two variables. However, it is more likely that the increased POpeak and RERpeak in 
RAMP is, at least partly, attributable to the ramp rate used in this study. An increased ramp 
rate, 12 W·min-1 versus 6 W·min-1 has been shown to lead to increased POpeak (168 ± 28 
versus 149 ± 26 W, P < 0.01) and RERpeak (1.17 ± 0.07 versus 1.11 ± 0.06, P = 0.01), with no 
difference found in V̇O2peak (3.06 ± 0.65 versus 2.96 ± 0.48 L·min-1, P = 0.27) during ACE 
(Smith et al. 2006). With an increase in mechanical work there is a lag in the V̇O2 response, 
which is accentuated by faster ramp rates (Davis et al. 1982) and leads to similar V̇O2peak 
values being achieved with greater POpeak. It is likely that the ramp rate used in this study 
elevated the POpeak and limits the ability to compare the POpeak obtained from PRETmax with 
that from RAMP. This is a limitation of this study and investigation of the PRETmax against a 
RAMP with a slower ramp rate during handcycle exercise is warranted.  
This study supports the use of the PRETmax for the measurement of V̇O2peak during 
HC exercise in AB participants. A benefit, as previously noted, of the use of the PRETmax is 
that it allows the participant to begin the test knowing how long they have to exercise for, 
which is not evident in RAMP testing. Furthermore, as the workload is set by the participant, 
the need to find an appropriate starting PO and PO increment, a potential limitation of the 
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RAMP, is removed. However, a limitation of the current study is that it only supports the use 
of the PRETmax to measure V̇O2peak. Traditional RAMP testing during UBE allows the 
calculation of physiological thresholds related to exercise intensity classification (Schneider 
et al. 1999; Leicht et al. 2014), however, the same is not known for the PRETmax. Therefore, 
if such variables are considered an important outcome of an exercise test then this must be 
factored in when choosing a testing protocol until the calculation of thresholds during 
PRETmax has been shown.   
5.6 Conclusion 
In conclusion, this is the first study to show that PRETmax can be used as a valid and 
reliable protocol to measure V̇O2peak during HC exercise in novice AB users. As such, both 
hypotheses can be accepted. Though due to the demographics of the participants, the results 
can only be applied to young, recreationally active, AB participants. Supplementary 
investigations are warranted to determine the suitability of the use of the PRETmax during 
UBE for other population groups.  
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Chapter 6 
6 STUDY 3: Peak oxygen uptake measured during a perceptually-regulated exercise 
test is reliable in community-based manual wheelchair users performing arm crank 
ergometry. 
 
 
This chapter has been published in a slightly modified format in Journal of Sports Sciences: 
Hutchinson MJ, MacDonald MJ, Eston R, Goosey-Tolfrey VL (2019) Peak oxygen uptake 
measured during a perceptually-regulated exercise test is reliable in community-based manual 
wheelchair users. J Sports Sci 37(6): 701-707. doi: 10.1080/02640414.2018.1522941 
 
 
 
 
 
 
 
Study 2 was the first study to investigate the use of the PRETmax during UBE. Study 3 builds 
on this proof of concept and applies it to a population who rely on UBE as their primary 
means of mobility and exercise.  
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6.1 Abstract 
Purpose: This study aimed to compare test-retest reliability and peak exercise responses 
from RAMP and PRETmax exercise tests during ACE in individuals reliant on MWP. 
Methods: Ten participants (9 male, 1 female) completed four trials over a 2-week period, 
performing two RAMP (0-40 W + 5-10 W·min-1) trials one week followed by two PRETmax 
trials the next, or vice versa. PRETmax consisted of five, 2-min stages performed at RPEO 11, 
13, 15, 17 and 20. Participants freely changed the power output to match the required RPE. 
Gas exchange variables (V̇O2, RER, V̇E), HR, PO, RPE and affect were determined 
throughout trials. 
Results: The V̇O2peak from RAMP (1.3 ± 0.3 L·min-1, 14.8 ± 5.5 ml·kg-1·min-1) and PRETmax 
(1.2 ± 0.3 L·min-1, 13.9 ± 5.2 ml·kg-1·min-1) trials were not significantly different (P = 0.08). 
Measurement error was 1.7 and 2.2 ml·kg-1·min-1 and CV 5.9% and 8.1% for measuring 
V̇O2peak from RAMP and PRETmax, respectively. Affect was more positive at RPE 13 (P = 
0.02), 15 (P = 0.01) and 17 (P = 0.01) during PRETmax compared to RAMP. 
Conclusion: This study shows the PRETmax can be used to determine a reliable measure of 
V̇O2peak in participants reliant on MWP. Furthermore, the PRETmax leads to more positive 
affective responses compared to RAMP.  
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6.2 Introduction 
Important determinants of physical capacity in individual’s dependant on MWP 
include unmodifiable factors, such as age, gender and type of disability. Yet sports 
participation (Janssen et al. 2002) and exercise training (Valent et al. 2007; Hicks et al. 2011) 
can positively affect physical capacity in persons reliant on MWP. Furthermore, increased 
physical capacity, as measured using V̇O2peak, is linked with improved physical functional 
status (Dallmeijer and van der Woude 2001), life satisfaction (van Koppenhagen et al. 2014) 
and self-independency during activities of daily living (Hjeltnes and Jansen 1990) in this 
population. Considering these known benefits of increased V̇O2peak, as well as increasing life 
expectancy for people reliant on MWP (Middleton et al. 2012; Savic et al. 2017), there is a 
need for appropriate protocols with which to measure V̇O2peak. 
Traditionally, RAMP tests which feature fixed increases in PO that continue until 
volitional exhaustion (Whipp et al. 1981) have been adopted for both AB and participants 
with a disability. However, despite a RAMP protocol being the most common method for the 
direct measurement of V̇O2peak, this form of exercise testing has, in recent years, been subject 
to criticism in that it is ‘open loop’ in nature, i.e., it has no predetermined or known end-point, 
and therefore does not allow for pacing to occur (Noakes 2008). An alternative to RAMP 
testing which is gaining in popularity in the scientific literature, and recently described as a 
paradigm shift in exercise testing methodology (Beltz et al. 2016), is to progress the intensity 
based on incremental clamping of RPE, as opposed to PO. 
Research has validated the use of a PRETmax to measure V̇O2peak during cycle (Straub 
et al. 2014) and HC exercise (Study 2) against RAMP protocols in AB participants. However, 
the PRETmax method has yet to be applied to participants reliant on MWP for daily activity. 
The PRETmax consists of five 2-min stages clamped at RPE 11, 13, 15, 17 and 20 on Borg’s 
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6-20 RPE scale (Borg 1998). Importantly, the PRETmax is of fixed duration and allows the 
participant to control the workload and pacing strategy, satisfying the major criticisms of the 
RAMP protocol.  
   The use of PRETmax in exercise testing of participants reliant on MWP may be 
justified when considering the affective response to exercise. Previous research in AB 
participants has shown that exercise at a self-selected intensity, as in the PRETmax, leads to a 
more positive affective response compared to imposed exercise of the same intensity, as in 
the RAMP (Rose and Parfitt 2007; Evans et al. 2014; Hamlyn-Williams et al. 2014) Hence, 
the PRETmax may be a preferred option to use instead of RAMP, particularly for older 
participants, or those who are beginning to become more physically active.  
 This is the first study to investigate the use of a PRETmax in a population with a 
disability. The aim of this study was to assess the reliability of the PRETmax to measure peak 
exercise responses in participants reliant on MWP and to compare the responses between 
PRETmax and RAMP. A further aim was to investigate the affective response to PRETmax and 
RAMP protocols. It was hypothesised that the PRETmax and RAMP would produce similar 
peak exercise responses, and that affect would be more positive during PRETmax than RAMP. 
6.3 Methods 
6.3.1 Participants 
Ten (9 male, 1 female), MWP participants gave written informed consent to 
participate in this study, which was approved by the Hamilton Health Sciences Integrated 
Research Ethics Board (Ref. #1615). Descriptive characteristics are presented in Table 6.1, 
which represent a group typical of that commencing an exercise program as part of the 
Physical Activity Centre of Excellence at McMaster university, with some being classed as
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Table 6.1: Participant characteristics. 
Participant 
number 
Gender 
Physical 
activity level 
(h·week-1) 
Age 
(years) 
Height 
(m) 
Body mass 
(kg) 
Impairment NLI 
AIS 
classification 
TSI 
(years) 
1 Male 5 59 1.85 138.0 SCI C4 D 11 
2 Male 10 69 1.82 122.0 SCI C5 D 5 
3 Male 0 42 1.65 65.9 SCI T5 A 17 
4 Male 5 75 1.78 92.4 SCI T12 D 10 
5 Male 0 49 1.70 61.6 SCI L1 D 11 
6 Male 0 57 1.93 90.6 SCI L1 D 18 
7 Male 5 63 1.83 87.5 Multiple sclerosis - - - 
8 Male 10 50 1.78 91.1 Multiple sclerosis - - - 
9 Male 6 60 1.90 107.0 Multiple sclerosis - - - 
10 Female 4 48 1.45 85.0 Spina Bifida - - - 
Mean  4 57 1.77 94.1    12 
SD  4 10 0.14 23.3    5 
A: motor and sensory complete spinal cord injury; AIS: American Spinal Injury Association Impairment Scale; C4: 4th cervical vertebra; C5: 5th cervical vertebra; D: motor incomplete spinal cord injury; L1: 1st 
lumbar vertebra; NLI: neurological level of injury;  SCI: spinal cord injury; T12: 12th thoracic vertebra; TSI: time since injury. 
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physically active and others as physically inactive (Caspersen et al. 1985; Tremblay et al. 
2017). Participants were deemed safe and appropriate to take part in this study as a result of 
being cleared by a physician prior to joining the exercise program. This included having 
completed a maximal exercise test. 
6.3.2 Experimental design 
Following a randomised, crossover design, participants completed four peak exercise 
tests over a two-week period (Figure 6.1) while seated in their everyday wheelchair. 
Randomisation was performed using a computer-generated randomisation list with equal 
allocation size and block size of two.  Trials were separated by 48 to 96 hours. All testing was 
conducted using the same wall-mounted electrically braked arm crank ergometer (Lode 
Angio, Lode B. V., Groningen, Netherlands) operating asynchronously. The ergometer was 
adjusted so that the centre of the crank axis was level with the shoulder and so there was 
slight elbow flexion at the furthest point of the crank cycle. 
Figure 6.1: Testing schematic. Participants performed either two RAMP followed by two 
PRETmax (dashed line), or vice versa (solid line). 
 
All trials were performed at the same time of day within each participant to minimise 
diurnal variations (Hill et al. 1989) and dietary intake was replicated in the 24 hours before 
all trials. Participants refrained from alcohol consumption and vigorous exercise for 24 hours, 
and caffeine for 6 hours preceding each trial. Participants preferred cadence was established 
in the warm-up to their first trial, when they were invited to experiment with various 
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cadences and choose what they preferred. This cadence was then recorded and subsequently 
participants were asked to maintain it at that level for the maximal trials. 
6.3.3 Peak exercise testing 
Participants completed two RAMP trials as described in Section 3.1, and two 
PRETmax as described in Section 3.2. The RAMP started at 0-40 W and was increased by 5-
10 W·min-1 until volitional exhaustion or preferred cadence could not be maintained. Starting 
PO and the PO increment were individualised for participants, with the aim to match the 
RAMP test duration to that of the PRETmax (10 min). Following termination of the RAMP, 
participants completed 10 min of recovery (unloaded ACE and/or seated rest) before 
performing the VER. PO was increased by 5 W from the end of the RAMP and participants 
cranked again until volitional exhaustion or cadence could not be maintained. Throughout all 
trials, participants maintained their preferred cadence, which along with the subjective scales, 
was the only information visible to participants during RAMP and VER. Elapsed time was 
also visible during PRETmax to allow pacing in relation to the end point of the exercise bout. 
Gas exchange variables (V̇O2, RER, V̇E), HR and PO were recorded throughout all 
trials, and processed as detailed in Section 3.3.  Differentiated RPE (RPEP, RPEC, RPEO; 
Borg 1998) and FS rating (Hardy and Rejeski 1989) were verbally recalled in the final 15 s of 
each stage as described in Section 3.4. The FS ranges from +5 (very good) to -5 (very bad) 
with anchors at +3 (good), +1 (fairly good), 0 (neutral), -1 (fairly bad) and -3 (bad). Prior to 
all trials participants were read standardised instructions on the use of Borg’s 6-20 RPE scale 
(Borg 1998).  
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6.3.4 Data Processing and Statistical Analysis 
Analysis was performed using IBM SPSS Statistics 22 (SPSS Inc., Chicago, IL.). 
Physiological data are presented as mean ± SD, and subjective data are presented as median 
(interquartile range). Statistical significance was accepted at P < 0.05. For all tests HR and 
gas exchange variables were subjected to a 30 s rolling average with the highest value taken 
as the peak response. During PRETmax PO was also subjected to a 30 s rolling average with 
the highest value taken as the POpeak. For RAMP trials POpeak was calculated based on the 
final completed stage and proportion of the next stage completed using the formula: 
POpeak = F + �� t
60s
� × I�. 
Where F = PO of the final completed stage, t = time spent in the final, uncompleted stage in 
seconds, 60 s = stage duration and I = the PO increment. In keeping with the assessment of 
peak exercise responses, the greater responses for RAMP and PRETmax from repeat tests were 
used in subsequent analysis. 
Reliability of peak physiological variables was assessed by calculating the CV, and 
the ICC3,1 using an openly available spreadsheet (Hopkins 2015). The ICC3,1 were interpreted 
for their magnitude in accordance with Munro’s criteria where 0-0.25 is “little to no” 
correlation, 0.26-0.49 “low” correlation, 0.50-0.69 “moderate” correlation, 0.70-0.89 “high 
correlation” and 0.90-1.00 “very high” correlation (Plichta et al. 2013). Furthermore, 
measurement error (ME) was calculated as the within-subject standard deviation and the SDD 
as 2.77 multiplied by ME (Bland and Altman 1996). 
Data were checked for normal distribution using the Shapiro-Wilk test statistic. 
Familiarisation with peak exercise testing across trial 1 to 4 was investigated using one-way 
repeated measures ANOVA. Differences in test duration and peak physiological responses 
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between protocols were assessed via paired samples t-test and for peak subjective responses 
using Wilcoxon Signed Rank test. Bland-Altman plots with 95% LoA were produced to 
assess the agreement for V̇O2peak, HRpeak and RERpeak between the two protocols (Bland and 
Altman 1999). 
Individual RPE:V̇O2, RPE:HR and RPE:PO linear relationships were determined for 
RPEP, RPEC and RPEO during RAMP and PRETmax. These relationships underwent a Fisher 
transformation to allow the calculation of group averages. Differences in group correlations 
were assessed by two-way ANOVA, with repeated measures on protocol (RAMP x PRETmax) 
and mode of RPE (RPEP x RPEC x RPEO). FS ratings were extracted from the RAMP and 
PRETmax corresponding to RPEO 11, 13, 15 and 17, or by interpolation if the specific RPE 
was not reported. Wilcoxon Signed Rank test was then used to assess difference in FS rating 
between protocols at each RPE value. 
A priori power analysis was conducted in G*Power 3.1 using the test-retest reliability 
statistics for absolute V̇O2peak from a previous study involving individuals with SCI 
performing wheelchair ergometry (Leicht et al. 2013). For statistical power of 0.80 and α 
equal to 5%, it was deemed that 10 participants would be required to find a significant 
difference between RAMP and PRETmax. 
6.4 Results 
Each participant completed all four trials. ANOVA revealed no learning effect as no 
significant differences were found across trial one to trial four for absolute V̇O2peak (F(2.1) = 
0.34, P = 0.73), relative V̇O2peak (F(2.1) = 0.40, P = 0.65), HRpeak (F(1.5) = 2.31, P = 0.14) or 
POpeak (F(1.7) = 0.33, P = 0.69). There was no significant difference between RAMP and VER 
for absolute V̇O2peak (1.3 ± 0.3 versus 1.3 ± 0.3 L·min-1, t(17) = -0.44, P = 0.67), relative 
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V̇O2peak (14.1 ± 4.3 versus 14.7 ± 4.7 ml·kg-1·min-1, t(17) = -0.75, P = 0.47) or HRpeak (139 ± 
27 versus 135 ± 27 beats·min-1, t(18) = 1.11, P = 0.28).  
6.4.1 Reliability of peak responses to PRETmax and RAMP 
Test-retest reliability for peak physiological variables obtained from RAMP and 
PRETmax are shown in Table 6.2. The ICC3,1 was classified as “very high” for absolute and 
relative V̇O2peak, HRpeak, POpeak and RERpeak for both RAMP and PRETmax. 
6.4.2 Agreement between protocols in peak responses 
Peak responses for RAMP and PRETmax are presented in Table 6.3. The Pearson 
correlation between responses from RAMP and PRETmax was r = 0.922 (P < 0.05) and r = 
0.969 (P < 0.05) for absolute and relative V̇O2peak, respectively. Bland-Altman plots with 95% 
LoA for absolute and relative V̇O2peak, HRpeak and RERpeak are displayed in Figure 6.2.  
Group averaged correlations are shown in Table 6.4. For the RPE:V̇O2 relationship 
there was no effect of protocol (F(1.0) = 0.002, P = 0.96) or mode of RPE (F(1.1) = 0.13, P = 
0.75). Similarly, for RPE:HR there was no effect of protocol (F(1.0) = 0.15, P = 0.71) or mode 
of RPE (F(1.4) = 1.36, P = 0.28). For the RPE:PO relationship there was a significant effect of 
protocol (F(1.0) = 8.03, P = 0.02), with Bonferroni post-hoc comparison showing that the 
relationship was stronger in RAMP compared to PRETmax. There was no effect of mode of 
RPE on the RPE:PO relationship (F(1.2) = 0.97, P = 0.36).  
6.4.3 Affective responses to PRETmax and RAMP 
The peak FS rating was significantly smaller during RAMP (Z = -2.37, P = 0.02) 
compared to PRETmax (Table 6.2). There was no significant difference in average FS rating 
between protocols (Z = -1.27, P = 0.21). At submaximal RPE values, affect was significantly
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Table 6.2: Test-retest reliability statistics for peak physiological variables obtained in RAMP and PRETmax protocols. 
ME and SDD values are presented in the given unit of measurement for each variable. ME and SDD values are presented in the given unit of measurement for each variable. CV: coefficient of variation; HRpeak: peak 
heart rate; ICC: intraclass correlation coefficient; ME: measurement error; POpeak: peak power output; PRETmax: maximal perceptually-regulated exercise test; RAMP: ramp-incremented exercise test; RERpeak: 
peak respiratory exchange ratio; SDD: smallest detectable difference; V̇O2peak: peak oxygen uptake. 
 RAMP PRETmax 
 CV (%) ME SDD ICC3,1 CV (%) ME SDD ICC3,1 
V̇O2peak  
(L·min-1) 
4.6 0.12 0.16 0.95 5.4 0.13 0.18 0.93 
V̇O2peak  
(ml·kg-1·min-1) 
5.9 1.70 2.36 0.96 8.1 2.20 3.04 0.92 
RERpeak 3.8 0.09 0.13 0.90 2.7 0.06 0.08 0.92 
HRpeak 
(beats·min-1) 
3.8 11 15 0.95 3.7 8 12 0.97 
POpeak 
(W) 
3.6 5 7 0.99 8.8 13 18 0.94 
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Table 6.3: Descriptive statistics for peak responses from the best trial for RAMP and 
PRETmax. 
Ratio data are presented as mean ± SD whilst ordinal data are presented as median (inter-quartile range). *: significantly different to 
PRETmax, P < 0.05. CI: confidence interval; FSaverage: average Feeling Scale rating; FSpeak: peak Feeling Scale rating; HRpeak: peak 
heart rate; POpeak: peak power output; PRETmax: maximal perceptually-regulated exercise test; RAMP: ramp-incremented exercise test; 
RERpeak: peak respiratory exchange ratio; RPEc: central rating of perceived exertion; RPEo: overall rating of perceived exertion; RPEp: 
peripheral rating of perceived exertion; V̇O2peak: peak oxygen uptake. 
 
RAMP PRETmax 
Mean difference 
(95% CI) 
P 
V̇O2peak  
(L·min-1) 
1.3 ± 0.3 1.2 ± 0.3 0.1 (-0.0 - 0.2) 0.06 
V̇O2peak 
(ml·kg-1·min-1) 
14.8 ± 5.5 13.9 ± 5.2 0.9 (-0.1 - 1.8) 0.08 
RERpeak 1.25 ± 0.20 1.22 ± 0.14 0.04 (-0.05 - 0.13) 0.37 
HRpeak 
(beats·min-1) 
141 ± 29 134 ± 29 7 (-3 - 18) 0.15 
POpeak 
(W) 
81 ± 28 76 ± 34 6 (-3 - 14) 0.16 
Duration 
(s) 
674 ± 191 600 ± 0 74 (-63 - 210) 0.25 
RPEP 20 (19 - 20)* 19 (19 - 20)  0.03 
RPEC 20 (18 - 20) 19 (18 - 20)  >0.95 
RPEO 20 (18 - 20) 19 (19 - 20)  0.46 
FSpeak -3 (-4 - -1)* 0 (-2 - 1)  0.02 
FSaverage 2 (1 - 2) 2 (2 - 3)  0.21 
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Figure 6.2: Bland-Altman plots showing 95% LoA for a) absolute V̇O2peak, b) relative V̇O2peak, c) RERpeak and d) HRpeak. Mean difference 
between RAMP and PRETmax trials is indicated by solid black line with upper and lower limits indicated by dotted lines.  
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 more positive during PRETmax compared to RAMP at RPEO 13 (Z = -2.40, P = 0.02), 15 (Z 
= -2.54. P = 0.01) and 17 (Z = -2.53, P = 0.01), see Table 6.5. 
 
Table 6.4: Group-averaged correlations for differentiated RPE with objective markers of 
exercise intensity from the 2nd trial of each protocol. 
 RAMP PRETmax 
RPEP:V̇O2 0.949 (0.769 - 0.990) 0.957 (0.640 - 0.996) 
RPEP:HR 0.967 (0.806 - 0.995) 0.971 (0.840 - 0.995) 
RPEP:PO 0.990 (0.947 - 0.998)* 0.970 (0.786 - 0.996) 
   
RPEC: V̇O2 0.956 (0.779 - 0.992) 0.954 (0.610 - 0.996) 
RPEC:HR 0.973 (0.788 - 0.997) 0.960 (0.641 - 0.996) 
RPEC:PO 0.991 (0.946 - 0.999)* 0.964 (0.610 - 0.997) 
   
RPEO:V̇O2 0.959 (0.676 - 0.996) 0.947 (0.458 - 0.996) 
RPEO:HR 0.969 (0.810 - 0.995) 0.959 (0.612 - 0.996) 
RPEO:PO 0.988 (0.932 - 0.998)* 0.965 (0.662 - 0.997) 
Data are presented as mean (95% Confidence Interval). * = significant main effect of protocol for RPE:PO relationships, RAMP greater than 
PRETmax, P < 0.05. HR: heart rate; PO: power output; PRETmax; maximal perceptually-regulated exercise test; RAMP: ramp-incremented 
exercise test; RPEc: central rating of perceived exertion; RPEo: overall rating of perceived exertion; RPEp: peripheral rating of perceived 
exertion; V̇O2: oxygen uptake. 
 
 
Table 6.5: FS rating at submaximal RPE during RAMP and PRETmax. 
 RAMP PRETmax 
RPE 11 3.0 (2.9 - 4.0) 4.0 (3.5 - 4.5) 
RPE 13 2.3 (1.0 - 3.0) 3.3 (2.9 - 3.6)* 
RPE 15 0.8 (0.4 - 1.6) 2.0 (1.0 - 3.0)* 
RPE 17 0.0 (-1.2 - 1.1) 1.5 (0.9 - 2.1)* 
Data are presented as median (interquartile range). *: significantly greater than during RAMP. PRETmax: maximal perceptually-regulated 
exercise test; RAMP: ramp-incremented exercise test; RPE: rating of perceived exertion. 
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6.5 Discussion 
The main finding of this study was that there was no significant difference in V̇O2peak 
between RAMP and PRETmax during ACE in participants reliant on MWP. Furthermore, the 
ME for measuring V̇O2peak using PRETmax or RAMP was greater than the mean difference in 
V̇O2peak between protocols. Therefore, these findings support the use of PRETmax for 
measuring V̇O2peak in participants reliant on MWP. The finding of similar V̇O2peak values 
between PRETmax and RAMP corroborates findings from research involving AB participants 
performing LBE (Chidnok et al. 2013b; Evans et al. 2014; Straub et al. 2014; Hanson et al. 
2016, 2017; Lim et al. 2016) and UBE (Study 2). Importantly, the results of the current study 
provide support for the use of the PRETmax in participants reliant on MWP. 
This support for the use of PRETmax comes from the finding of more positive affect 
during the PRETmax compared to RAMP.  This finding in participants reliant on MWP 
corroborates previous research using AB participants performing recumbent cycle ergometry 
(Evans et al. 2014). The affect experienced during exercise could be a particularly important 
consideration when working with participants who have low habitual levels of physical 
activity, or who are unaccustomed to maximal exercise. This is based on evidence showing 
that affect during exercise predicted physical activity participation 6 to 12 months later in 
previously sedentary AB individuals (Williams et al. 2008). With the suggestion that more 
positive feelings during exercise can aid with adherence to a long-term exercise intervention, 
there have been growing calls for the role of the affective response to receive greater 
consideration in exercise prescription guidelines (Williams 2008; Ekkekakis et al. 2011). The 
current results would also support the consideration of affective response when selecting a 
maximal exercise test protocol.  
 107 
 
This is the first study in this population group to challenge the traditional use of 
maximal incremental tests using fixed PO stages. The results also strengthen the case for 
obtaining a direct measurement of V̇O2peak in contrast to predicting it from the V̇O2 at 
submaximal RPE, although only when maximal exercise testing is deemed safe and 
appropriate. Concerns over exacerbating the risk of shoulder injury, peripheral fatigue and 
autonomic dysfunction during maximal exercise has led to questions of whether maximal 
testing is appropriate in  populations reliant on MWP (Totosy de Zepetnek et al. 2016). If 
though, as was the case in this study, maximal exercise is deemed safe then a direct 
measurement of V̇O2peak should be made.  
Previous studies have predicted V̇O2peak from the submaximal V̇O2 during single-
stage fixed PO (Totosy de Zepetnek et al. 2016), incremental fixed PO (Al-Rahamneh & 
Eston, 2011a; Al-Rahamneh et al., 2011; Goosey-Tolfrey et al., 2014) testing, and a 
submaximal PRET (Al-Rahamneh & Eston, 2011b). However, mean difference (lower to 
upper LoA) have been reported as 0 (-8 to 8) ml·kg-1·min-1 (Al-Rahamneh & Eston, 2011a), 
0.02 (-6.67 to 6.64) ml·kg-1·min-1 (Totosy de Zepetnek et al. 2016), 0.4 (-5.3 to 6.1) ml·kg-
1·min-1 (Al-Rahamneh & Eston, 2011b) and 1 (-8 to 10) ml·kg-1·min-1 (Al-Rahamneh et al., 
2011) for various prediction models compared to 0.9 (-1.8 to 3.5) ml·kg-1·min-1 as found in 
this study when comparing the PRETmax and RAMP. These results show increased random 
error in the prediction models compared to the direct measurement from the PRETmax. 
Greater random error increases the possibility of a prediction that either under-, or over-, 
estimates V̇O2peak. These findings ultimately support the direct measurement of V̇O2peak when 
possible, with the current study supporting the PRETmax over a traditional RAMP. 
In addition to the new knowledge around using RPE to prescribe the intensity during 
exercise testing for participants reliant on MWP, this study also adds support to the area of 
RPE-based exercise prescription for this population. The cost of equipment and technical 
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expertise required for measuring V̇O2 and PO limit their use for informing exercise intensity 
away from a controlled laboratory setting. As such, individuals reliant on MWP have limited 
accessible methods for regulating exercise training intensity. It has been reported that there is 
currently insufficient evidence to support the regular use of subjective measures, such as RPE, 
to control intensity in adults with SCI (van der Scheer et al. 2018). The present findings of 
comparable V̇O2peak as well as RPE:V̇O2 and RPE:HR relationships between RAMP and 
PRETmax protocols suggest that RPE may be used as a valid, cost effective and easily 
applicable means of prescribing exercise intensity in participants reliant on MWP. However 
as this study only investigates this using group-averaged single test relationships, further 
studies need to use a higher quality, estimation versus production study design to investigate 
this (van der Scheer et al. 2018). 
 A limitation of this study could be the sample size of 10 participants of a 
heterogeneous nature in terms of their mixed impairments, differing levels of CRF and 
habitual physical activity. Yet, despite the large inter-individual variation the findings 
showed that PRETmax can be used to measure V̇O2peak in persons reliant on MWP. 
Furthermore, while the participants had undertaken ACE exercise before, several were 
unfamiliar with both the specific protocols (PRETmax and RAMP), and indeed maximal 
exercise itself. This may have limited their ability to push themselves to achieve the intensity 
required (i.e. particularly for the PRETmax final RPE 20 stage). This potentially manifested 
itself since the median RPE reported was 19 during this required RPE 20 stage of the test. 
The inability for these participants to apparently reach RPE 20 during the PRETmax, despite 
doing so in the RAMP, could serve to limit the V̇O2peak values measured. Remarkably though, 
even with the difference in peak RPE reported between PRETmax and RAMP, the V̇O2peak 
values were shown to agree. 
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6.6 Conclusion 
This is the first study to show that the PRETmax can be used to reliably measure 
V̇O2peak in participants reliant on MWP. Given the significantly more positive affect felt 
during the PRETmax compared to RAMP, this study provides a compelling and convincing 
case for the use of the PRETmax over RAMP in this population. The PRETmax should be 
considered particularly when participants may be unaccustomed with maximal exercise and 
when the maximal exercise assessment is one of the first steps in prescribing a personalised 
exercise programme. 
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Chapter 7 
7 STUDY 4: Acute physiological responses to 4-weeks handcycle training at RPE 13 
in novice able-bodied participants. 
 
 
 
 
 
 
 
 
 
 
 
 
The previous studies have investigated the use of RPE during exercise testing in novice, able-
bodied participants and community-based participants reliant on MWP. Study 4 moves to 
exercise prescription and aims to provide evidence supporting the use RPE as a primary 
method of prescribing and regulating exercise intensity in novice AB during UBE training.  
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7.1 Abstract 
Purpose: To investigate the efficacy of RPE as a primary method of prescribing and 
regulating a 4-week HC training intervention in novice, AB participants.  
Methods: Thirty recreationally-active, non-UBE trained, AB individuals completed a 4-week 
training intervention consisting of 3 groups: i) RPE-guided training group (n = 10; 8 male, 2 
female), ii) PO-guided (n = 10; 8 male, 2 female) training group, or iii) non-UBE training 
control group (n = 10; 6 male, 4 female). Training groups performed 30 min HC exercise, 
three times a week for four weeks. V̇O2, HR, RPE and FS rating were collected throughout 
training sessions. All participants maintained their habitual levels of physical activity over the 
4 weeks. RPE-guided training was performed at RPE 13, with PO-guided training matched 
for %POpeak using a pre-training RAMP. Maximal RAMP and PRETmax protocols were 
performed pre and post the 4-week training intervention to assess the chronic training effect 
of the intervention.  
Results: There were no differences in the %V̇O2peak (66 ± 13% vs 61 ± 9%), %HRpeak (75 ± 8% 
vs 71 ± 6%) or FS rating (1 ± 2 vs 1 ± 2) between RPE- and PO-guided training, respectively. 
Average session-to-session CV in %HRpeak was 2.8% and 3.4% during RPE-guided and PO-
guided training, respectively. Four weeks HC training (either RPE- or PO-guided) 
significantly increased POpeak during RAMP. 
Conclusion: RPE-guided HC training at RPE 13 is a repeatable form of exercise intensity 
prescription that produces an intensity that can be classified as moderate-vigorous in novice 
AB participants. This study supports the use of RPE as a primary method of exercise intensity 
prescription in AB performing UBE.  
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7.2 Introduction 
 Current exercise guidelines recommend that AB adults engage in a minimum of 150 
min·week-1 of moderate intensity exercise, 75 min·week-1 vigorous intensity exercise, or a 
combination of the two (World Health Organisation 2010; Garber et al. 2011). For adults 
with SCI the recommendation is to perform 20 min of moderate to vigorous aerobic exercise, 
twice weekly to improve CRF, and 30 min of moderate to vigorous exercise, thrice weekly to 
improve cardiometabolic health (Martin Ginis et al. 2018). Though the recommendations are 
based on achieving a total exercise volume (duration x intensity), exercise intensity as a 
construct is less easily defined than duration. As such, it is paramount that there are methods 
by which individuals can easily monitor their exercise intensity during a training session. 
Gold standard measures include percentage of V̇O2max (%V̇O2max) and HRmax (%HRmax), with 
moderate and vigorous intensity classified as 46-63% V̇O2max or 64-76% HRmax, and 64-90% 
V̇O2max or 77-95% HRmax, respectively for AB participants (Garber et al. 2011). Presently it is 
recommended to use direct measurement of V̇O2 or HR during exercise training to improve 
the accuracy of exercise intensity prescription (Garber et al. 2011). 
 Despite this recommendation, practical issues exist when considering implementing 
such exercise guidelines in a free-living setting. Equipment for monitoring V̇O2 during 
exercise is expensive and requires technical expertise to operate, making it unfeasible for use 
by the community-dwelling AB or SCI individual. Also, the ability to train at a 
certain %V̇O2max or %HRmax is predicated on the knowledge of an individual’s maximal 
responses. This would require participants to periodically complete a maximal exercise test to 
account for training-induced increases in V̇O2max, which may be impractical for many 
individuals. Alternatives to the direct measurement of objective exercise intensity are 
therefore needed in order to aid exercise intensity regulation away from a controlled, 
laboratory environment. 
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One potential method, as a focal point of this thesis, is to guide training intensity by 
using RPE. The use of RPE requires no technical equipment and offers a more feasible form 
of exercise intensity prescription for individuals based in the community. RPE-guided 
training allows the individual to set their workload based on how hard they find the exercise. 
Exercising at a self-selected intensity has been shown to lead to a more positive affective 
response compared to prescribed exercise of the same intensity (Rose and Parfitt 2007; 
Hamlyn-Williams et al. 2014). A more positive affective response during exercise also has 
potentially important implications for increasing exercise adherence (Williams et al. 2008). 
Amid a call to more greatly consider the role of affect and adherence into exercise intensity 
prescription (Ekkekakis et al. 2011), RPE-guided training offers an enticing option. However, 
despite the potential advantages of the method, there is currently insufficient evidence to 
support the practice of using RPE as a primary method of exercise intensity prescription in 
both AB (Garber et al. 2011) and SCI (van der Scheer et al. 2018) populations. 
 RPE-guided training anchored at RPE 13 (somewhat hard) (Borg 1998), increased the 
V̇O2max during an 8-week running intervention (30 min, 3 times a week), in previously 
sedentary AB adults (Parfitt et al. 2012). The training intensity was also shown to satisfy the 
description of “moderate” intensity (Parfitt et al. 2012). Similarly, a month long cycling 
intervention, with training anchored at RPE 13 led to an average response of 64% HR reserve 
and was not different in intensity to those that received HR feedback during training (Ilarraza 
et al. 2004). RPE-guided training at RPE 13 also appears beneficial over RPE 15 (hard) 
(Parfitt et al. 2015). Though both successful in improving V̇O2max during an 8-week running 
intervention, only those training at RPE 13 maintained the increase at 6-month follow-up, in 
part due to a more positive affective response to the moderate training intensity resulting in 
an increase in exercise adherence (Parfitt et al. 2015). 
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 Such studies provide initial support for the use of RPE-guided training in AB 
populations. However, thorough analyses of the physiological responses to production RPE 
training sessions, and the repeatability of these acute responses over a training intervention, 
are lacking. It remains to be demonstrated whether prolonged RPE-guided training leads to 
V̇O2 and HR responses equivalent to “moderate” or “vigorous” exercise. Therefore, despite 
the potential advantages of using RPE-guided training, more evidence is required in order to 
support the method. The use of RPE-guided training also needs investigating using UBE 
modes. Lower limb injury may prevent AB participants from performing LBE, so UBE 
training offers an alternative during rehabilitation. Furthermore, for people with a physical 
impairment affecting the lower limbs, UBE provides their only form of mobility and exercise. 
Though RPE have been used by AB (Paulson et al. 2013a) and participants with SCI 
(Goosey-Tolfrey et al. 2010; Paulson et al. 2013b) to regulate UBE intensity, these were only 
isolated exercise bouts and not part of a longer training intervention.  
 As such, the aim of this study was to investigate the physiological and perceptual 
responses to a 4-week HC exercise training intervention in AB participants using RPE as 
primary method of exercise prescription. A further aim was to compare the affective response 
to RPE-guided and PO-guided training. It was hypothesised that training at RPE 13 would 
produce a physiological response that would satisfy the description of “moderate” exercise 
(Garber et al. 2011). Furthermore, it was hypothesised that RPE-guided training would lead 
to a more positive affective response compared to PO-guided training. 
7.3 Methods 
7.3.1 Experimental design 
Thirty participants, habitually physically active but not specifically trained in UBE, 
volunteered to take part in the study (Table 7.1). Participants were also required to have no 
 115 
 
co-morbidities, such as cardiovascular disease and hypertension, that could be exacerbated by 
maximal exercise, or existing musculoskeletal injury to the upper body. Physical activity 
level was assessed using the short form of the International Physical Activity Questionnaire 
(Booth 2000). Participants completed a 4-week training intervention period with two exercise 
testing sessions pre and post. All exercise sessions used HC ergometry, as described in 
Section 3.1 of the General Methods. During the first trial the HC was configured to the 
participant’s comfort, when allowing slight elbow flexion at the furthest point in the crank 
cycle. This configuration was recorded and repeated at all subsequent trials. Prior to the 
initial exercise testing session participants recorded their 24 hour dietary intake and replicated 
this before subsequent maximal tests. Participants were instructed to avoid strenuous exercise, 
alcohol and caffeine, for 24 and 6 hours preceding trials. 
Table 7.1: Participant descriptive characteristics by group. 
 RPE-guided PO-guided CON 
Sample size (n) 10 10 10 
Sex (male/female) 8/2 8/2 6/4 
Age (years) 24 ± 4 25 ± 3 21 ± 4 
Body mass (kg) 78.3 ± 18.7 74.2 ± 12.3 67.3 ± 5.0 
Height (m) 1.77 ± 0.10 1.77 ± 0.10 1.73 ± 0.11 
Physical activity level 
(MET mins·week-1) 
3614 ± 2177 3298 ± 1389 4555 ± 2709 
CON: non-UBE training control group; PO-guided: power output guided training group; RPE-guided: rating of perceived exertion guided 
training group. 
7.3.2 Training intervention 
 Participants were randomly allocated to the RPE-guided training intervention or 
control (CON) group. The PO-guided training group was recruited after the completion of the 
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RPE-guided and CON groups, as a convenience sample to be similar to the existing groups. 
All participants continued their habitual exercise regime, whilst those in the training groups 
performed 30 min supervised HC exercise, three times a week for four weeks. Subsequently, 
training sessions were referred to by the week and session number (1.1, 1.2, 1.3, 2.1 etc.) with 
the first number denoting the week of the intervention, and the second number denoting the 
session number within that week. Participants in the RPE-guided group performed all training 
at an RPEO equal to 13, “somewhat hard” on Borg’s RPE scale (Borg 1998). The RPEO was 
defined as encompassing the degree of physical strain felt in the exercising musculature and 
cardiorespiratory systems (Marcora 2010). Participants selected their workrate and were 
instructed to change the PO as often as required to maintain the desired RPE, whilst 
maintaining their preferred cadence. As with the PRETmax, PO was changed up or down by 5 
W at a time by using buttons attached to one of the cranks, although participants were 
unaware of the magnitude of the change.  
The PO-guided training group performed each session at the %POpeak equivalent to 
the group-average produced by the RPE-guided group. As such, the RPE-guided training 
group was completed before the PO-guided group started training. This is why allocation to 
RPE-guided and CON groups was randomised, but to PO-guided training was not. The 
average %POpeak was calculated for each session for the RPE-guided group, and then used to 
match for the PO-guided training group on a session by session basis. 
 For both training groups, HR and PO were monitored continuously throughout each 
training session. Gas exchange variables (V̇O2 and RER), along with [BLa] were monitored, 
as described in Section 3.3, during the very first session of the intervention (1.1), and in the 
final session of each week (1.3, 2.3, 3.3, 4.3). Gas exchange variables were monitored 
continuously, with [BLa] was measured each 10 min. Perceptual measures of RPEP, RPEC 
and RPEO, using Borg’s RPE Scale (Borg 1998), as well as FS rating (Hardy and Rejeski 
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1989) were recorded at 5 min intervals throughout each training session. Excluding the first 4 
min until a steady state was reached, all variables were averaged across each session and 
calculated as percentages of peak from the baseline RAMP trial. During training sessions for 
both groups, all data other than the elapsed time, cadence and perceptual scales were blinded 
from participants. 
7.3.3 Peak exercise testing 
 Pre and post-training testing comprised two trials: one RAMP, and one PRETmax. 
Order of trials was randomised, using a computer-generated list, and counterbalanced, with 
the same order used at pre and post-intervention timepoints. Trials were separated by a 
minimum of 48 and maximum of 96 hours, and conducted at the same time of day within 
each participant in order to control for diurnal variation in physiological and perceptual 
responses (Hill et al. 1989). Protocols for conducting RAMP and PRETmax were as described 
in Section 3.1 and 3.2, respectively. Furthermore, physiological and perceptual variables were 
collected and analysed in accordance with Sections 3.3 and 3.4, respectively. The RAMP 
tests were used to assess the acute responses to training sessions, and the PRETmax tests were 
used to assess the chronic physiological responses at submaximal RPE. 
7.3.4 Statistical analyses 
 Analysis was performed using IBM SPSS Statistics 23 (SPSS Inc., Chicago, IL.). 
Data are presented as mean ± SD, and statistical significance was accepted at P < 0.05. Data 
were checked for normal distribution using the Shapiro Wilk statistic.  
 The V̇O2, HR and PO for each training session were calculated as a percentage of 
peak from the baseline RAMP, and along with the perceptual responses were averaged across 
each session. To assess the %V̇O2peak and [BLa] responses to training, 2 x 5 ANOVA were 
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performed, with between-subject factor of “group” (RPE-guided vs PO-guided) and repeated 
measures on “session” (1.1 vs 1.3 vs 2.3 vs 3.3 vs 4.3). For the %HRpeak, %POpeak, and all 
perceptual responses 2 x 12 ANOVA were performed due to the variables being measured 
during all training sessions. For all ANOVA the Greenhouse-Geisser epsilon was used, unless 
it was greater than 0.75 in which case the Huynh-Feldt epsilon was used. For assessing the 
reliability of the %HRpeak, the CV was calculated for each pair of consecutive training 
sessions (1.1 vs 1.2; 1.2 vs 1.3; 1.3 vs 2.1 etc.) for RPE-guided and PO-guided training 
groups.  
An initial two-way ANOVA was performed on pre- and post-training peak HC 
responses, with no main effect of group found between RPE- and PO-guided training groups. 
Therefore, for comparing pre- to post-training they were combined to form a single “Training” 
group. Differences in peak responses to RAMP between groups, pre- and post-training were 
assessed using a two-way mixed measures ANOVA. The within-subject factor was “time” 
(pre vs post), whilst the between subject-factor was “group” (Training vs CON). From the 
PRETmax the %V̇O2peak, %HRpeak and %POpeak were measured at RPEO of 11, 13, 15 and 17. 
Differences were then assessed using 2 x 2 x 4 mixed-measures ANOVA, with between-
subject factor of “group” (Training vs CON) and repeated measures on “time” (pre vs post) 
and “RPE” (11 vs 13 vs 15 vs 17).  
7.4  Results 
7.4.1 Acute responses to RPE- and PO-guided HC training 
The process of matching the %POpeak for the PO-guided (51 ± 6%) group, to that 
produced by the RPE-guided (50 ± 9%) group was successful as there was no difference in 
the %POpeak across the 12 training sessions (mean difference, 95% confidence interval: 1, -7-
4%; F(1.00) = 0.35, P = 0.56). Similarly, for %V̇O2peak there was no difference between RPE-
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guided (66 ± 13%) and PO-guided (61 ± 9%; 5, -3-13%; F(1.00) = 1.62, P = 0.22; Figure 7.1) 
training, however, there was a main effect of training session (F(2.04) = 29.80, P < 0.005). 
There was no group-session interaction for the %V̇O2peak response (F(2.04) = 1.89, P = 0.17). 
For the %HRpeak there was no difference between RPE-guided (75 ± 8%) and PO-guided (71 
± 6%; 4, -1-10%; F(1.00) = 2.88, P = 0.11; Figure 7.2) training across the 12 sessions. There 
was, however, a main effect of training session (F(5.32) = 11.15, P < 0.005), though there was 
no group-session interaction for the %HRpeak response (F(5.32) = 0.82, P = 0.55; Figure 7.2). 
Similarly, there was no effect of group on [BLa] (F(1.00) = 2.42, P = 0.14), or a group-session 
interaction (F(2.10) = 1.17, P = 0.32; Figure 7.3). There was though a main effect of training 
session (F(2.10) = 9.42, P < 0.005). 
Figure 7.1: Session-averaged V̇O2peak responses for RPE-guided (white bars) and PO-guided 
(black bars) training groups as a percentage of pre-training RAMP. Data are presented as 
mean ± SD. *: significantly greater than 1.1; †: significantly greater than 1.3; ‡: significantly 
greater than 3.3, P < 0.005. 
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 Figure 7.2: Session-averaged HRpeak responses for RPE-guided (white bars) and PO-guided 
(blacks bars) training groups as a percentage of pre-training RAMP. Data are presented as 
mean ± SD. *: significantly greater than 1.1; †: significantly greater than 1.2, P < 0.005. 
Figure 7.3: Session-averaged [BLa] responses for RPE-guided (white bars) and PO-guided 
(black bars) training groups. Data are presented as mean ± SD. *: significantly greater than 
1.1; †: significantly greater than 1.3, P < 0.005. 
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 Regarding the perceptual responses, there was no difference between RPE-guided and 
PO-guided training for RPEO (13 ± 0 vs 13 ± 1, P = 0.71), RPEP (14 ± 1 vs 14 ± 1, P = 0.38) 
or RPEC (12 ± 1 vs 12 ± 1, P = 0.14). The session-averaged FS ratings are presented in Figure 
7.4. There was no main effect of group, with FS rating similar between RPE-guided (1 ± 2) 
and PO-guided (1 ± 2; P = 0.48) training.  
The session-to-session CV for %HRpeak for RPE- and PO-guided training groups are 
shown in Figure 7.5. For %HRpeak the average CV across all comparisons for RPE-guided 
training (2.8%) was less than PO-guided (3.4%) training.  
 
Figure 7.4: Session-averaged FS responses for RPE-guided (white bars) and PO-guided 
(black bars) training groups. Data are presented as mean ± SD. 
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Figure 7.5: Coefficient of variation in session-averaged %HRpeak for consecutive training 
sessions, in RPE-guided and PO-guided training groups. 
 
7.4.2 Chronic responses to HC training 
 Peak physiological responses to RAMP are presented in Figure 7.6. There was no 
main effect of time (F(1.00) = 2.00, P = 0.17), or group (F(1.00) = 2.42, P = 0.13) for relative 
V̇O2peak (Figure 7.6b), nor was there a time by group interaction (F(2.00) = 0.07, P = 0.80). 
Similarly, for HRpeak there was no main effect of time (F(1.00) = 0.65, P = 0.43), group (F(1.00) 
= 1.79, P = 0.19) or interaction (F(2.00) = 0.65, P = 0.43; Figure 7.6c). For POpeak there was a 
main effect of time, with PO greater post-training (134 ± 38 W) compared to pre-training 
(119 ± 34 W; 15, 12-17 W; F(1.00) = 86.75, P < 0.005). There was no main effect of group, 
(F(1.00) = 1.68, P = 0.21), however the group-time interaction was significant (F(2.00) = 38.72, 
P < 0.005). The POpeak increased from pre to post in the training group, but not in CON 
(Figure 7.6d).  
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Figure 7.6: Peak a) absolute and b) relative V̇O2, c) HR and d) PO responses to RAMP pre (white bars) and post-training (black bars) for 
training groups and CON. Data are presented as mean ± SD. *: significant interaction, post significantly greater than pre for training group, P < 
0.05. 
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During the PRETmax, at RPEO 11, 13, 15 and 17, there was a main effect of time with 
the %V̇O2peak significantly greater post training (70 ± 14%) than pre training (63 ± 15%; 7, 4-
10%; F(1.00) = 16.23, P < 0.005; Figure 7.7a). However, there was no main effect of group 
(F(1.00) = 3.12, P = 0.09) or time-intensity-group interaction (F(2.71) = 1.08, P = 0.36). 
For %HRpeak there was no main effect of time (F(1.00) = 2.43, P = 0.13), no main effect of 
group (F(1.00) = 0.18, P = 0.68), or time-intensity-group interaction (F(1.83) = 0.51, P = 0.59; 
Figure 7.7b). For %POpeak there was no main effect of time (F(1.00) = 1.03, P = 0.32), no main 
effect of group (F(1.00) = 0.11, P = 0.75), or time-intensity-group interaction (F(2.16) = 0.04, P = 
0.97; Figure 7.7c). For %V̇O2peak, %HRpeak and %POpeak there was a significant main effect of 
intensity with the response at each RPEO significantly greater than at the preceding RPEO (P 
< 0.005; Figure 7.7). 
7.5 Discussion  
 This is the first study to thoroughly investigate the physiological responses to RPE-
guided UBE training in relation to current exercise prescription guidelines for AB adults. The 
principle findings were that, in novice AB, HC training at RPE 13 satisfied the description of 
“moderate” intensity, and that the physiological response to RPE-guided training was as 
repeatable as when training was PO-guided. These results serve an important role in 
supporting the use of RPE as a primary method of exercise training intensity prescription, 
given the previous absence of evidence (Garber et al. 2011; van der Scheer et al. 2018). Due 
to the ease of application of such a method for community-dwelling individuals, these results 
can provide a useful resource for clinicians and practitioners working in community settings 
with AB participants.  
 The fact that UBE training RPE 13 produced a moderate to vigorous training intensity 
builds on previous research and strengthens support for using RPE-guided training. In
 125 
 
Figure 7.7: Normalised pre- and post-training a) V̇O2, b) HR and c) PO at submaximal RPEO 
during PRETmax for training groups and CON. Data are presented as mean ± SD. *: main 
effect of intensity, significantly greater than the preceding RPE; †: main effect of time, post 
significantly greater than pre, P < 0.005. 
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previously sedentary individuals, it was found that the estimated V̇O2 during running training 
at RPE 13 increased over the course of eight weeks from 19.2 ± 1.1 ml·kg-1·min-1 to 23.4 ± 
1.1 ml·kg-1·min-1, equivalent to 61 ± 7% of pre-training and 64 ± 7% of post-training V̇O2max, 
respectively (Parfitt et al. 2012). In a subsequent study the average responses to eight weeks 
of RPE 13 and RPE 15 training were estimated to be 74% and 79% V̇O2max, respectively, 
markedly greater than previously reported (Parfitt et al. 2015). Though there were differences 
in the level of supervision afforded to participants during training sessions in these studies, 
the discrepancy in response at RPE 13 could be due to an indirect measure of V̇O2 being used. 
Instead V̇O2 was estimated based on the speed and gradient of the treadmill during training 
sessions. As such, the current study is the first to use a direct measure of V̇O2 during RPE-
guided training and serves as a major strength of the study. According to the results this study 
shows that from the first session the classification of “moderate” intensity exercise (46-63% 
V̇O2max; Garber et al. 2011) was met, with training being classed as “vigorous” by the end of 
the four week training intervention. 
 In addition to the finding regarding V̇O2, this is also the first study to show the HR 
response to training at RPE 13 satisfies the classification of “moderate” intensity in healthy 
AB adults performing UBE. RPE-guided training has been implemented in recreationally-
active runners through a weekly 30 min run at the RPE equivalent to ventilatory threshold 
(Hogg et al. 2018). However, this was only a single weekly session of a much wider training 
programme, whilst no data are presented to show the intensity that was produced in the RPE-
guided portion of training (Hogg et al. 2018). Thus, this study does not support the validity of 
RPE-guided training for producing responses in relation to exercise prescription guidelines. 
Similarly, in cardiac rehabilitation patients, 20 min of RPE-guided training, three times a 
week for eight weeks was shown to produce an average HR of 107 ± 19 beats·min-1 (Tang et 
al. 2016). However, these data are not relative to the HRmax so cannot be interpreted in 
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relation to exercise prescription guidelines. Interestingly, a month long exercise intervention 
in cardiac rehabilitation patients, using RPE 13, was found to produce an exercise intensity of 
64% HR reserve (Ilarraza et al. 2004). This is indicative of “vigorous” intensity exercise, 
which contrasts with the findings of a “moderate” intensity HR response in the present study, 
despite both studies using RPE 13. As the participants used by Ilarraza et al. (2004) were 
undergoing cardiac rehabilitation, compared to the healthy AB in the present study, it could 
be that there are differences in the classifications of exercise intensities between populations. 
 The present findings also serve to support the use of training at RPE 13 as a 
repeatable form of exercise intensity prescription. The average CV in the HR response to 
consecutive training sessions was smaller in the RPE-guided group (2.8%) compared to the 
PO-guided group (3.4%). The finding of a less variable HR response to RPE-guided training 
is vital and could be explained by considering the mechanism behind the generation of the 
RPE response. A prevailing theory is that RPE during exercise reflects the central motor 
command arising from pre-motor and motor areas of the brain (Marcora 2009; de Morree et 
al. 2012). Furthermore, central motor command contributes to the HR response to exercise, 
via autonomic nervous system activity moderation (Thornton et al. 2002; Nobrega et al. 
2014). As such, given that the RPE-guided training group were at a fixed RPE throughout, it 
would be expected that the HR response would also show limited variability. Though other 
factors contribute to the HR response to exercise, such as the afferent feedback-induced 
exercise pressor reflex (Nobrega et al. 2014), the present results would suggest that using 
RPE to guide the training intensity is a suitable way to ensure a repeatable response to 
successive, identical sessions. It though must be noted that the current study was performed 
in a controlled, laboratory environment and utilising a supervised training intervention. The 
strength of such a design is that it allowed for rigorous control over the exercise prescription 
for RPE- and PO-guided training groups, as well as instruction over the use of RPE. However, 
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such an approach lacks ecological validity and it cannot be discounted that the physiological 
responses to RPE-guided training could be different in an unsupervised intervention, or in a 
different setting. Therefore, future studies need to investigate these aspects of the study 
design in order to better understand the intricacies of implementing RPE-guided training.  
 Though it is recognised that the physiological response to RPE-guided training was 
valid and reliable, it is interesting that the V̇O2 and HR produced, increased over the course 
of the training period (Figures 7.1 and 7.2). Furthermore, in the PRETmax, the %V̇O2peak at 
submaximal RPEO increased from pre- to post-training (Figure 7.7a). This has specific 
implications when using RPE-guided training for UBE training programmes. During an eight 
week period of running training there was no change in the RPE at any relative intensity of 
V̇O2 (Ekblom and Goldbarg 1971). Between recreationally-active and trained participants 
there was also no difference in the RPEP, RPEC or RPEO at equal relative intensities during 
running or cycling exercise (Bolgar et al. 2010). Conversely, at the same relative intensity the 
RPEP was significantly greater during MWP in AB individuals unaccustomed with MWP, 
compared to trained wheelchair sportspeople (Lenton et al. 2008). This could suggest that 
during UBE, but not LBE there is an effect of fitness level and training status on the 
relationship between RPE and markers such as V̇O2 and HR.  
It is unknown though, as to what mechanism contributed to the aforementioned 
increase in V̇O2 during the training intervention in the RPE-guided group, given that the 
prescription was kept fixed at RPE 13. Though the increase in V̇O2 could be as a result of the 
increase in PO across the intervention, it could be hypothesised that there was an increase in 
central motor command in order to exercise at a greater PO. According to the corollary 
discharge model, the increase in central motor command would, therefore be expected to 
result in an increase in RPE (de Morree et al. 2012), whereas for the RPE-guided training 
group the RPE was constant throughout training. Furthermore, an increase in [BLa] was 
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found across the training period. The increase in [BLa] suggests an increase in metabolites in 
the muscle (Egan and Zierath 2013), which would contribute to greater afferent feedback and 
RPE (Amann et al. 2010). Again though, RPE was held constant during the training 
intervention. Therefore, within common models of physiological contributors to RPE, namely 
corollary discharge and afferent feedback, neither can seemingly explain the observed 
increase in V̇O2 during training performed at the same RPE prescription. However, the 
interpretation of these results could have been enhanced through the inclusion of additional 
measures, such as EMG. Collection of EMG during training could have given an indication 
of the level of central motor command during exercise sessions and would be recommended 
for future studies in this area. 
Instead, it could be that the increase was caused by a psychological effect. Exercise 
intensity tolerance is the ability to continue exercising when an activity becomes 
uncomfortable (Ekkekakis et al. 2005). As the participants in the present study were 
unfamiliar with HC exercise, it is possible that as they became accustomed to it, their 
tolerance to the exercise intensity changed, and they felt able to work at a higher intensity 
(V̇O2, PO) for the same RPE. However, intensity tolerance has been shown to be a stable 
individual trait that is not subject to situational change through a training intervention (Hall et 
al. 2014). This means though, that if the tolerance for a certain %V̇O2peak remained stable, 
with a training-induced improvement in V̇O2peak, this could explain an increase in the 
absolute level of V̇O2 during RPE-guided training. However, it could not explain the increase 
relative to the V̇O2peak found in this study, especially as the V̇O2peak of the RPE-guided 
training group did not change over the course of the intervention. It remains, therefore, to be 
elucidated as to the mechanism behind the increase in V̇O2 and HR during training that was 
observed in the RPE-guided training group. 
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 A further finding of the current study is that of no difference in affect between RPE- 
and PO-guided training. This result contrasts to the hypothesis that RPE-guided training 
would lead to a more positive affective response. Importantly though, average FS rating 
during exercise was positive for both training groups, though there was a large interindividual 
variation. This variation in the FS response between individuals could be due to their 
“intensity preference”, a predisposition to select a particular exercise intensity when possible, 
and intensity tolerance (Ekkekakis et al. 2005). These constructs have been shown to predict 
FS ratings during exercise (Ekkekakis et al. 2005), but were not measured and therefore this 
serves as a weakness in the present study. As such, the comparison of affect between training 
groups is limited due to the inability to control for intensity preference and intensity tolerance. 
Future studies should incorporate these measures to provide a greater understanding of how 
intensity preference and tolerance impact on affective responses to RPE-guided training. 
 Previously, investigations into RPE-guided training have been limited to LBE 
modalities. This is the first study to investigate the physiological response to an RPE-guided 
UBE training programme in healthy AB adults. For AB, UBE provides an alternative to more 
common LBE modes, while for those with mobility issues or disability of the lower limb, 
UBE is the primary form of exercise. The benefits, highlighted previously, of RPE-guided 
training exist for those with, and without a disability. However, there currently is only very 
low confidence in the valid and reliable use of RPE for regulating exercise intensity in SCI 
(van der Scheer et al. 2018), though Study 3 has shown the potential within the setting of 
exercise testing. In participants with SCI, RPE have frequently been used to implement the 
intensity during training interventions (Valent et al. 2010; Bakkum et al. 2015; Kim et al. 
2015; Nooijen et al. 2015; Pelletier et al. 2015; Totosy de Zepetnek et al. 2015; van der 
Scheer et al. 2016), however there have been no presentation of the produced physiological 
responses to training. This study therefore lays the groundwork for further investigations 
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during UBE on the use of RPE-guided training, but in populations for whom UBE is the 
primary form of exercise, such as those with SCI. 
7.6 Conclusion 
 In conclusion, this is the first study to document the physiological response to a novel 
RPE-guided HC training programme in AB adults. The results suggest training at RPE 13 is a 
repeatable form of exercise intensity prescription, and that it produces a physiological 
response indicative of moderate to vigorous intensity. Furthermore, though RPE-guided 
training did not lead to a more positive affective response than PO-guided training, affect was 
positive when using both methods of exercise intensity prescription. This study provides 
evidence to support the use of RPE as a primary method of exercise intensity prescription in 
AB during UBE training programmes. 
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Chapter 8 
8 STUDY 5: Spinal cord injury and training status impact the differentiated RPE 
response to incremental wheelchair propulsion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thus far, the experimental chapters have been aimed at providing evidence for the practical 
use of RPE during UBE. This final experimental chapter aims to further investigate the role 
of differentiated RPE in participants with tetraplegia, while also investigating the mechanism 
behind the generation of RPE.  
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8.1 Abstract 
Purpose: To investigate RPEP and RPEC during MWP in AB participants, and trained 
wheelchair rugby (WR) athletes with and without cervical SCI (CSCI). 
Methods: 38 participants (AB: n = 20; WR with CSCI: n = 9; WR without CSCI: n = 9) 
completed an incremental MWP exercise test to exhaustion on a motorised treadmill. Gas 
exchange measures (V̇O2, V̇E, RER) and HR were collected throughout. RPEP and RPEC on 
the CR-10 were verbally recorded each minute. [BLa] was determined pre and post-test. 
Results: Between 50-100% V̇O2peak, RPEP was greater than RPEC in AB (P < 0.05), but not 
in WR players with (P = 0.07) or without (P = 0.16) CSCI. RPEP was greater in AB 
compared to players with CSCI (Effect sizes: 1.24-1.62), as were RER (1.02 ± 0.10 vs. 0.82 ± 
0.11, P < 0.05) and [BLa]peak (7.98 ± 2.53 vs 4.66 ± 1.57 mmol·L-1). RPEC was greater in WR 
athletes without, compared to with, CSCI at 50-100% V̇O2peak (Effect sizes: 0.70-1.38), as 
were HR (166 ± 20 vs. 104 ± 15 beats·min-1, P < 0.05) and V̇E (59.2 ± 28.8 vs. 35.1 ± 16.6 
L·min-1, P = 0.01). 
Conclusion: RPEP was dominant over RPEC during MWP for AB participants. For those 
with CSCI, lower levels of afferent feedback and blunted innervation of cardiac and 
respiratory muscles may result in lower RPEP and RPEC at equal relative workloads. 
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8.2 Introduction 
The purpose of population-specific exercise guidelines is to describe the duration, 
frequency, and intensity of exercise necessary for improving fitness and health. For adults 
with SCI the exercise guidelines recommend engaging in at least 20 min aerobic exercise, 
twice weekly, at a moderate to vigorous intensity (van der Scheer et al. 2017; Martin Ginis et 
al. 2018). That said, though objective markers such as V̇O2 and HR are preferred for 
prescribing exercise intensity, the ease of application of RPE, as in Chapter 7, can offer an 
enticing alternative. However, a recent systematic review concluded that there is insufficient 
evidence regarding the reliable and valid use of RPE to regulate exercise intensity in adults 
with SCI (van der Scheer et al. 2018). As such, more evidence is required to understand RPE 
responses in persons with SCI in order to inform its use for exercise prescription. 
 For UBE (the modality commonly used by persons with SCI), where the musculature 
is typically smaller, it may be that exertional cues from the periphery are different to those 
from the cardiorespiratory system (Lenton et al. 2008; Au et al. 2017). van der Scheer et al. 
(2018) highlighted how greater understanding is needed over the use of differentiated RPE in 
adults with SCI, as opposed to a whole-body, RPEO. When differentiating RPE, participants 
can report a RPEP, based on the exertion of the active muscles, and RPEC based on 
cardiorespiratory cues. A study in recreationally-active participants with paraplegia found no 
difference in differentiated RPE at V̇O2peak during ACE (Al-Rahamneh and Eston 2011a). 
Similarly, trained WR players with CSCI showed no difference in the relationships between 
RPEO, RPEP, or RPEC, and V̇O2, or the differentiated RPE at V̇O2peak (Paulson et al. 2013b), 
using Borg’s RPE scale. Conversely, a recent study showed that RPEP develops significantly 
faster than RPEC during incremental ACE in untrained people with CSCI when using the CR-
10 (Au et al. 2017). These divergent findings in CSCI suggest a potential role of training 
status in the differentiated RPE response to UBE. Understanding the RPEP and RPEC 
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responses to exercise in untrained and trained people with, and without, CSCI will aid the 
implementation of RPE-guided training programmes with differentiated RPE in these 
populations.  
 The physiological consequences of CSCI also make it an interesting experimental 
model by which to investigate factors involved in generating RPE, particularly with a 
complete CSCI in which no motor, sensory or autonomic function is preserved below the 
level of the injury. A principle contention surrounds whether the generation of RPE is 
independent, or not, of afferent feedback from the working musculature (Pageaux 2016). 
Whilst there is evidence to suggest a role of Group III and IV muscle afferents in generating 
RPE (Amann et al. 2010), another perspective is that RPE is independent of afferent feedback 
and instead reflects the level of central motor command (Marcora 2009). 
Athletes eligible for classification in WR include those with CSCI, and other forms of 
disability. These WR players without CSCI, like AB, have unimpaired afferent feedback 
from the upper body to the brain. However, for WR players with a complete CSCI the 
number of afferent signals informing the brain via neural pathways will be inversely related 
to lesion level. Group III and IV afferents with receptors located within skeletal muscle 
respond to mechanical and chemical stimuli induced by muscle contraction and contribute to 
the autonomic control of cardiovascular and ventilatory responses to exercise (Amann et al. 
2015). Sympathetic innervation of the heart, intercostal and abdominal muscles arise from the 
thoracic region of the spinal cord (Krassioukov 2009), leading to blunted HRpeak (Leicht et al. 
2012) and limiting inspiratory and expiratory efforts during exercise (Krassioukov 2009; 
West et al. 2014a, b) in those with complete CSCI. It is hence possible that injury-dependent 
consequences also impact the RPE reported by people with CSCI during exercise. Comparing 
the physiological and differentiated RPE responses to exercise between AB and WR players 
with and without CSCI may help elucidate the role of afferent feedback in generating RPE. 
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As such, the primary aim of this study was to investigate the differentiated RPE 
response to incremental exercise in trained athletes with CSCI. It was hypothesised that RPEP 
would increase significantly quicker than RPEC with increasing exercise intensity. Secondary 
aims were to investigate the role of afferent feedback and training status in the RPE response 
by comparing AB and WR players with and without CSCI.  
8.3 Methods 
8.3.1 Experimental design 
 Thirty-eight healthy adults who provided written, informed consent, volunteered to 
take part in the study, which was approved by the Loughborough University Ethics Human 
Participants Sub-committee (R17-P130). The sample comprised three subgroups: AB and 
experienced WR players with complete CSCI, or a disability other than CSCI (Table 8.1). All 
participants were male except for one female participant with CSCI. AB participants were 
untrained in upper body aerobic exercise but were habitually trained and competing at a 
university sport level. The Non-SCI group included participants with amputation (n = 4), 
arthrogryposis, cerebral palsy, osteogenesis imperfecta, polyneuropathy, and Roberts 
syndrome (all n = 1), thus having no paralysis of the upper body. All WR players were 
competing at either a national or international level. 
Table 8.1: Participant descriptive characteristics. 
 AB Non-SCI CSCI 
Sample size (n) 20 9 9 
Age (years) 22 ± 2 28 ± 5 29 ± 7 
Body mass (kg) 86.7 ± 14.4 60.1 ± 12.8 68.9 ± 12.4 
Data are presented as mean ± SD. AB: able-bodied; CSCI: cervical spinal cord injury; Non-SCI: trained wheelchair rugby player with 
disability other than spinal cord injury. 
 
 137 
 
 Participants completed a single trial consisting of submaximal and peak MWP tests on 
a motorised treadmill (HP Cosmos, Traunstein, Germany). AB participants completed two 
prior trials to familiarise them with the technique of MWP. Familiarisation was not needed 
for the WR athletes given their training status and that all were manual wheelchair users. 
Familiarisation and main trials were separated by a minimum of 2, and maximum of 5 days.  
8.3.2 Familiarisation trials 
 The first familiarisation trial consisted of a 10 min period at 1.0-1.2 m·s-1 with 
participants free to experiment and find a MWP technique they were comfortable with. No 
training was given, however participants were encouraged to vary their push frequency and 
contact angle with the push rim until finding a preferable combination (Vegter et al. 2015). 
Following this, AB performed two, 3 min blocks at 1.4 and 1.6 m·s-1. The second 
familiarisation trial exposed participants to maximal intensity MWP and utilised the same 
protocol as the main trial, including all measures taken. 
8.3.3 Main trial 
 Following a self-selected warm up, participants completed a submaximal test 
comprising six to eight, discontinuous, 3 min stages. Starting speed was between 1.0 and 2.2 
m·s-1, depending on experience and level of physical function, and was increased by 0.2 m·s-1 
in AB and CSCI, and by 0.3 m·s-1 in Non-SCI. Gas exchange variables and HR were 
collected throughout, and [BLa] measured at the end of each stage, as described in Section 
3.3. The treadmill speed was slowed to allow collection of the capillary blood sample with 
the next stage commencing once the sample had been obtained (30-60 s). The test was 
terminated once [BLa] exceeded 4 mmol·L-1. 
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 Participants then received 15 min of active recovery and/or rest before performing a 
RAMP to volitional exhaustion. Starting speed was 1.2-3.2 m·s-1 with increments of 0.1 m·s-1 
each minute. Gas exchange variables and HR were collected throughout, with [BLa] 
determined immediately post-test, as described in Section 3.3. RPEP and RPEC were verbally 
reported at the end of each minute throughout, as well as at termination of the test on the CR-
10 scale (Borg 1998). Participants were instructed to focus on how hard and strenuous the 
task felt in the working musculature (RPEP) and cardiorespiratory systems (RPEC), and not 
on any sensations of pain or discomfort (Marcora 2010; Pageaux 2016). 
8.3.4 Statistical analysis 
 Statistical analyses were performed using IBM SPSS Statistics 23 (SPSS Inc., 
Chicago, IL.). Data are presented as mean ± SD, with statistical significance accepted at P < 
0.05. Data were checked for normal distribution using the Shapiro Wilk statistic. Differences 
in peak responses between AB, Non-SCI and CSCI were assessed by one-way ANOVA with 
Bonferroni post-hoc for multiple comparisons. The Greenhouse-Geisser epsilon was used 
unless it was greater than 0.75, in which case the Huynh-Feldt epsilon was used.  
 RPEP and RPEC were fit using a quadratic function against normalised test duration 
and V̇O2peak (Au et al. 2017). The RPEP and RPEC corresponding to 10% intervals for the 
entire test duration and from 50 to 100% V̇O2peak were then calculated. Three-way repeated 
measures ANOVA were used to assess the effect of RPE differential, group, and time 
or %V̇O2peak. In the event of a significant interaction effect involving the group factor, 
separate two-way repeated measures ANOVA, with Bonferroni post-hoc, were used to assess 
differences in RPEP and RPEC within subgroups. For the RPE values modelled against time 
these were 2 (RPEP, RPEC) x 10 (10-100% test duration) ANOVA, and for the values 
modelled against V̇O2peak were 2 (RPEP, RPEC) x 6 (50-100% V̇O2peak) ANOVA. In each case 
 139 
 
the  Cohen’s effect size and 90% confidence interval (Cohen 1992) were calculated for RPEP 
and RPEC between subgroups from 50-100% V̇O2peak and categorised as trivial (< 0.2), small 
(0.2-0.6), moderate (0.6-1.2), large (1.2-2.0) and very large (> 2.0) (Batterham and Hopkins 
2006). 
 RER, V̇E and HR were fit against %V̇O2peak using a linear function, with values 
extracted corresponding to 10% intervals from 50-100% V̇O2peak. Differences between 
subgroups were assessed using 2 x 6 mixed model ANOVA with the between measure being 
“group” and the within measure being “V̇O2peak”.  
8.4 Results 
8.4.1 Peak exercise responses 
 Maximal responses to incremental MWP are presented in Table 8.2. Absolute V̇O2peak 
was greater in AB compared to Non-SCI (mean difference, 95% confidence interval: 0.6, 0.1-
1.2 L·min-1, P = 0.03) and CSCI (1.6, 1.0-2.2 L·min-1, P < 0.005), as well as Non-SCI 
compared to CSCI (1.0, 0.3-1.6 L·min-1, P = 0.01). Relative V̇O2peak was greater in AB (14.3, 
8.5-20.2 ml·kg-1·min1, P < 0.005) and Non-SCI (18.8, 1.9-25.7 ml·kg-1·min1, P < 0.005) than 
CSCI. HRpeak was greater in AB compared to CSCI (56, 40-72 beats·min-1, P < 0.005), but 
also Non-SCI compared to AB (16, 2-30 beats·min-1, P = 0.03) and CSCI (72, 54-90 
beats·min-1, P < 0.005). Peak [BLa] was significantly greater in AB (3.31, 1.04-5.60 mmol·L-
1, P < 0.005) and Non-SCI (4.03, 1.40-6.66 mmol·L-1, P < 0.005) than in CSCI (4.66 ± 1.57 
mmol·L-1). Peak propulsion speed was significantly greater in Non-SCI than AB (0.8, 0.4-1.2 
m·s-1, P < 0.005) and CSCI (1.1, 0.6-1.6 m·s-1, P < 0.005). 
 140 
 
Table 8.2: Peak responses to maximal incremental wheelchair propulsion. 
*: significantly greater than Non-SCI, †: significantly greater than CSCI, ‡: significantly greater than AB, P < 0.05. AB: able-bodied; 
[BLa]peak: peak blood lactate concentration; CSCI: cervical spinal cord injury; HRpeak: peak heart rate; Non-SCI: trained wheelchair rugby 
player with disability other than spinal cord injury; RERpeak: peak respiratory exchange ratio; V̇Epeak: peak minute ventilation; V̇O2peak: 
peak oxygen uptake. 
8.4.2 RPE and normalised test duration 
 There was a significant interaction between differentiated RPE, normalised test 
duration and group (P < 0.005). In AB there was a significant main effect of RPE differential 
(F(1.00) = 55.14, P < 0.005) and RPE-time interaction (F(1.83) = 27.99, P < 0.005). Bonferroni 
post-hoc tests showed RPEP was significantly greater than RPEC (5.1 ± 3.0 vs 3.4 ± 2.5), 
whilst RPEP developed quicker than RPEC (Figure 8.1a). In Non-SCI and CSCI there was no 
main effect of RPE differential (F(1.00) < 4.81, P > 0.06) or RPE-time interaction (F(< 1.49) < 
2.24, P > 0.16, Figure 8.1b,c). 
8.4.3 RPE and normalised V̇O2peak 
 There was also a significant interaction between differentiated RPE, %V̇O2peak and 
group (P < 0.005). In AB there was a significant main effect of RPE differential (F(1.00) = 
59.40, P < 0.005) and RPE-%V̇O2peak interaction (F(1.28) = 12.63, P = 0.01). Bonferroni post-
hoc showed RPEP was significantly greater than RPEC (6.6 ± 2.8 vs 4.5 ± 2.5), whilst RPEP 
 AB Non-SCI CSCI 
V̇O2peak (L·min-1) 3.1 ± 0.5*† 2.4 ± 0.7† 1.5 ± 0.5 
V̇O2peak (ml·kg-1·min-1) 35.7 ± 6.0† 40.1 ± 5.3† 21.3 ± 5.9 
RERpeak 1.16 ± 0.10† 1.13 ± 0.08 1.01 ± 0.06 
V̇Epeak (L·min-1) 113.0 ± 18.9† 96.3 ± 34.3† 53.2 ± 17.9 
HRpeak (beats·min-1) 172 ± 18† 188 ± 3†‡ 117 ± 11 
[BLa]peak (mmol·L-1) 7.98 ± 2.53† 8.69 ± 2.02† 4.66 ± 1.57 
Peak speed (m·s-1) 2.7 ± 0.4 3.5 ± 0.5†‡ 2.4 ± 0.5 
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Figure 8.1: Development of RPEP (solid lines) and RPEC (dashed lines) using the CR-10, relative to normalised test duration (a-c) and V̇O2peak 
(d-f) in AB (a, d), Non-SCI (b, e) and CSCI (c, f) groups. Data are presented as mean ± SD. *: RPEP greater than RPEC, P < 0.05. 
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developed significantly faster than RPEC (Figure 8.1d). In Non-SCI and CSCI there was no 
effect of RPE differential (F(1.00) < 4.25, P > 0.07) or  RPE-%V̇O2peak interaction (F(< 1.50) < 
4.03, P > 0.06, Figure 8.1e,f). The effect sizes comparing the difference in RPEP and RPEC 
between subgroups at 50-100% V̇O2peak are presented in Figure 8.2. The RPEP in AB was 
greater than CSCI with a large effect size. From 80-100% V̇O2peak the RPEC was smaller in 
AB compared to Non-SCI with a moderate to large effect size, whilst RPEC was greater in 
Non-SCI compared to CSCI with a moderate to large effect size. 
Figure 8.2: Effect sizes for the difference in both RPEP and RPEC from 50 to 100% V̇O2peak 
between AB, Non-SCI and CSCI. Points to the right of the “Trivial” section identify 
instances where AB > Non-SCI, AB > CSCI, and Non-SCI > CSCI. Points to the left of the 
“Trivial” section identify where AB < Non-SCI, AB < CSCI, and Non-SCI < CSCI. Effect 
sizes were categorised as trivial (< 0.2), small (0.2-0.6), moderate (0.6-1.2), large (1.2-2.0) 
and very large (> 2.0). Data are presented as mean ± 90% confidence interval. 
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8.4.4 Physiological responses at normalised V̇O2peak 
 The RER was significantly greater in AB than CSCI from 50-100% V̇O2peak (1.02 ± 
0.10 vs 0.82 ± 0.11; 0.20, 0.15-0.25; F(1.00) = 56.42, P < 0.005; Effect size = 1.87), though 
there was no difference in propulsion speed (F(1.00) = 3.68, P = 0.07). Similarly, at the same 
intensities there was a main effect of group for RER between Non-SCI and CSCI (F(1.00) = 
28.73, P < 0.005). The HR was greater in Non-SCI (166 ± 20 beats·min-1) compared to AB 
(146 ± 24 beats·min-1; 20, 9-30 beats·min-1; F(1.00) = 14.27, P = 0.01; Effect size = 0.88) and 
CSCI (104 ± 15 beats·min-1; 62, 52-72 beats·min-1; F(1.00) = 181.27, P < 0.005; Effect size = 
3.48) from 50-100% V̇O2peak. Propulsion speed was also significantly greater in Non-SCI 
than AB (3.1 ± 0.6 vs 2.3 ± 0.5 m·s-1; 0.8, 0.4-1.1 m·s-1; F(1.00) = 21.84, P < 0.005; Effect size 
= 1.50). In contrast, V̇E was significantly greater in AB than in Non-SCI (75.0 ± 26.0 vs 59.2 
± 28.8 L·min-1; 15.8, 3.7-27.9 L·min-1; F(1.00) = 7.17, P = 0.01; Effect size = 0.59), though 
was also greater in Non-SCI than CSCI (59.2 ± 28.8 vs 35.1 ± 16.6 L·min-1; 24.1, 7.8-40.5 
L·min-1; F(1.00) = 9.77, P = 0.01; Effect size = 1.03). 
8.5 Discussion 
This study examined the use of differentiated RPE to provide a thorough insight into 
the perceptual responses of untrained AB and trained WR athletes with and without CSCI. 
The principal finding was that in AB performing incremental MWP, RPEP was significantly 
greater than RPEC between 50 and 100% V̇O2peak. This contrasted with trained WR players 
who exhibited no difference between RPEP and RPEC between 50 and 100% V̇O2peak, 
irrespective of their disability. 
These findings corroborate previous research that has found a perceptual signal 
dominance of RPEP over RPEC in AB persons performing arm crank (Pandolf et al. 1984), 
HC (Study 1 and 2), and MWP (Goosey-Tolfrey and Kirk 2003; Lenton et al. 2008; Paulson 
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et al. 2013a) exercise. Similar investigations into the differentiated RPE of CSCI have proven 
equivocal. In contrast to the present findings, recreationally-active people with CSCI showed 
accelerated RPEP compared to RPEC during incremental ACE (Au et al. 2017). This could 
suggest a role of training status on the differentiated RPE response to exercise in CSCI. Also, 
of note is that WR players without CSCI showed no difference between RPEP and RPEC, 
whereas AB did. When running, no difference in the RPEP or RPEC were found between 
recreationally-active, or trained participants at equal relative intensities (Bolgar et al. 2010). 
Furthermore, running training leading to improvements in V̇O2peak  had no impact on the RPE 
at relative intensity (Ekblom and Goldbarg 1971). Together these findings suggest that the 
relationship between differentiated RPE and exercise intensity differs between LBE and UBE, 
and that it may be more susceptible to change during UBE. This has important implications 
for professionals working with individuals with CSCI to design and implement an exercise 
training programme. For example, when an individual is untrained the RPEP may be a better 
indicator of exercise intensity, however with training and the diminishing difference between 
differentiated RPE, the RPEO may be suitable. 
This is the first study to note that AB, and WR players with and without CSCI exhibit 
different RPEP and RPEC at the same relative exercise intensity during MWP. Specifically, 
RPEP was greater in AB, and RPEC greater in WR players without CSCI, compared to those 
with CSCI. Neurophysiological mechanisms behind the generation of RPE remain a debated 
topic (Pageaux 2016), however one perspective is that RPE is generated by corollary 
discharges emanating from pre and/or motor areas of the brain that are simultaneously 
directed to sensory areas involved in perception (Marcora 2009). According to this view, an 
increase in RPE reflects an increase in MRCP, an index of central motor command. This is 
supported by experimental evidence showing increases in both RPE and MRCP when 
fatigued muscles are exercised (de Morree et al. 2012), and decreases by the administration of 
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caffeine, causing a decrease in the activity of premotor and motor areas of the brain (de 
Morree et al. 2014). The present finding of increased RPEC in WR players without, compared 
to those with, CSCI could support the role of central motor command in generating RPE. 
Paralysis caused by CSCI leads to impaired sympathetic innervation of cardiac muscle, as 
well as of intercostal and abdominal muscles involved in inspiratory and expiratory efforts 
(Krassioukov 2009). Along with increased RPEC, WR players without CSCI had greater HR 
and V̇E responses than those with CSCI. This could reflect greater central motor command, 
due to the increased active musculature, thereby leading to the increased RPEC. However, the 
increased active musculature could also be generating greater feedback via Group III and IV 
muscle afferents and be contributing to the increased RPEC. As such, further investigations 
are required to independently assess the role of central motor command in generating RPE. 
An alternative hypothesis concerns whether afferent feedback contributes to the 
generation of RPE. Whereas central motor command appears to exert its effect on RPE 
independently (de Morree et al. 2012), evidence also implicates Group III and IV afferents in 
the generation of RPE (Amann et al. 2010). In the present study, RPEP was increased in AB 
compared to WR players with CSCI from 50-100% V̇O2peak with large ES, despite no 
difference in the propulsion speed. However, not only was RER significantly greater in AB 
compared to WR players with CSCI at the same intensities, post-test [BLa] was also greater 
in AB. This apparent increased rate of glycolysis in AB likely led to a greater accumulation 
of metabolites, and thereby increased afferent feedback and potentially contributing to the 
higher RPEP in AB. These results would hence serve to support the hypothesis that afferent 
feedback does indeed contribute to generating RPE.   
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8.6 Conclusion 
  In conclusion, during incremental MWP, RPEP was significantly greater than RPEC in 
AB, whilst no differences between RPEP and RPEC were found in trained WR players, 
irrespective of disability. The noted increases in RPEP for AB compared to WR players with 
CSCI supports a role of afferent feedback in generating RPE. 
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Chapter 9 
9 General discussion 
9.1 Summary of main findings 
 The principle aim of this thesis was to provide scientific evidence to the application of 
using RPE for regulating and informing the prescription of UBE. Towards this aim, the 
objectives of the experimental studies were: 
• To assess the validity of the physiological response to UBE when intensity is prescribed 
using a subjective measure of RPE, compared to a traditional, objective measure of 
exercise intensity. 
• To assess the reliability of the physiological response to self-regulated UBE. 
• To assess the above constructs within the settings of exercise testing and exercise 
prescription in both AB and participants with disabilities. 
• To investigate the impact of SCI and training status on the differentiated RPE responses 
to UBE.  
 A summary of the main research findings is shown in Figure 9.1. Study 1 investigated 
the methodology of the PRETmax and compared the physiological responses between tests 
when the stage duration was two (10 min total) or three (15 min total) minutes. Subsequently 
the validity and reliability of the PRETmax for measuring V̇O2peak was assessed in non-UBE 
trained AB performing HC exercise (Study 2) and recreationally-active participants with a 
disability making them reliant on MWP, performing ACE (Study 3). Following on from these 
investigations within exercise testing, the focus moved to exercise training intensity 
prescription. Study 4 investigated the acute physiological and affective responses to 4 weeks 
of RPE-guided HC training, in non-UBE trained AB. Within this study the session-to-session
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Figure 9.1: Summary of main findings from experimental chapters. 
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variation in the physiological response to RPE-guided training was measured and compared 
to that of traditional PO-guided training. Finally, Study 5 examined how differentiated RPE 
responses to incremental MWP were impacted by UBE training status and CSCI by 
comparing RPEP and RPEC in non-UBE trained AB and trained WR players with, and 
without CSCI.  
9.2 Contribution to scientific understanding and practical applications 
 The findings of the experimental chapters contribute significantly to the enhancement 
of scientific understanding regarding the use of RPE during UBE for AB and participants 
with a disability.  
9.2.1 PRETmax protocol design  
 While previous studies employing PRETmax protocols had been limited to AB 
performing LBE, no study had specifically investigated the effect of the design of the 
PRETmax. Therefore, to the author’s knowledge, Study 1 was the first investigation to 
challenge the design of the PRETmax protocol, thereby offering important insights into the use 
of this test. Typically the PRETmax has employed five, 2 min stages (Mauger and Sculthorpe 
2012), seemingly to satisfy the 8-12 min recommendation for the duration of a maximal 
exercise test (Yoon et al. 2007). However, it remained questionable if submaximal responses 
could be analysed from the same protocol. This is because V̇O2 (Whipp and Wasserman 1972) 
and lactate kinetics (Bentley et al. 2007) would demand a longer (≥ 3 min) stage duration in 
order for steady state responses to be measured. Therefore, Study 1 investigated the 
submaximal and peak exercise responses to PRETmax protocols with two and three minute 
stage durations. Despite the difference in test duration (10 versus 15 min) there were no 
differences between trials in V̇O2peak, HRpeak, V̇Epeak, [BLa]peak or POpeak. The V̇O2, HR and 
V̇E at RPEO 11, 13, 15 and 17 were also not significantly different between tests with 
 150 
 
different stage durations. However, the V̇O2 was significantly smaller two minutes into the 
three minute stage at RPEO 11, 13, 15 and 17. The greater V̇O2 at the end of the two minute 
stage compared to the corresponding timepoint in the three minute stage is likely due to the 
greater PO during the shorter duration protocol. It is also possible that the longer stage 
duration allowed a contribution of the V̇O2 slow component and thus increase in V̇O2 from 
the two minute timepoint to the end of the stage (Poole and Jones 2012). That the V̇O2 at 
RPEO 11, 13, 15 and 17 was not different between trials supports the validity of RPE as a 
marker of exercise intensity by emphasising the strong relationship between RPE and V̇O2. 
Interestingly, though V̇O2 was similar throughout the PRETmax protocols, the PO at 
submaximal RPE was greater during the shorter trial, despite no differences in POpeak. This 
shows that the RPE:PO and V̇O2:PO relationships are impacted by the stage duration during 
exercise testing, even though the RPE:V̇O2 relationship is not. 
 Ultimately, the results from Study 1 advocate using a PRETmax with a 10 min duration 
for the assessment of exercise responses. The shorter time commitment of the 10 min 
protocol makes it a more efficient choice for practitioners and researchers having to 
coordinate testing schedules, while also reducing the burden on participants. Particularly for 
those who have not completed a maximal exercise test before, it would seem favourable to 
ask them to complete a 10 min, rather than 15 min protocol. 
9.2.2 PRETmax versus RAMP for measuring peak exercise responses 
 Studies 2 and 3 built upon this foundation and provided the first experimental 
evidence that the PRETmax elicited similar V̇O2peak values to those derived from a RAMP 
protocol, in AB performing HC (Study 2), and participants with a disability performing ACE 
(Study 3). The PRETmax had, previously, only been validated for AB during running 
(Faulkner et al. 2015; Scheadler and Devor 2015; Lim et al. 2016; Beltz et al. 2018) and 
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cycling (Chidnok et al. 2013b; Evans et al. 2014; Straub et al. 2014). The only study to 
calculate 95% LoA reported the agreement in V̇O2peak between PRETmax and RAMP to be 3.0 
(-8.5 to 14.5) ml·kg-1·min-1 (Faulkner et al. 2015). In this thesis the 95% LoA were found to 
be -1.9 (-9.9 to 6.3) ml·kg-1·min-1 in AB (Study 2) and 0.9 (-1.8 to 3.5) ml·kg-1·min-1 in 
participants with a disability (Study 3). In comparison to Faulkner et al. (2015), the 
experimental studies within this PhD showed narrower agreement between PRETmax and 
RAMP, supporting the accuracy of the measurements made. Furthermore, the CV for 
measurement of V̇O2peak during PRETmax has been reported as 3.0% (Straub et al. 2014) and 
4.7% (Jenkins et al. 2017b) in healthy AB adults performing cycle exercise, and was reported 
as 4.1% for AB performing HC (Study 2). The similar test-retest reliability in Study 2 with 
that previously found is particularly interesting, given that in Study 2 the participants were 
unfamiliar with HC exercise, while the participants of Straub et al. (2014) were trained 
cyclists. The CV for measuring V̇O2peak in participants with a disability, reliant on MWP 
(Study 3) was 8.1% and 5.9% for PRETmax and RAMP, respectively, and during RAMP 
testing has been found to be 4.5% and 9.3% in athletes with paraplegia and tetraplegia, 
respectively (Leicht et al. 2013). Together, it can be concluded that the PRETmax can be used 
to make valid and reliable measurements of peak exercise responses in AB and participants 
with a disability performing UBE. In addition, this conclusion is based on research in 
participants who were unaccustomed with the procedures involved. This has positive 
implications for subsequent studies utilising the PRETmax and involving previously sedentary 
participants. 
 Despite no significant differences in V̇O2peak between RAMP and PRETmax being 
noted in Studies 2 and 3, it is interesting that in both cases the difference was approaching 
statistical significance, but not in the same direction (Table 9.1). V̇O2peak was tending towards 
being greater in the PRETmax (P = 0.06) in Study 2, and during RAMP (P = 0.08) in Study 3. 
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The finding of Study 2 is likely to be due to methodological reasons. In Study 2, during 
RAMP the PO was increased by 20 W·min-1, compared to 5-10 W·min-1 in Study 3. With an 
increase in PO there is a lag in the V̇O2 response, with the lag being greater with faster rates 
of increase in PO (Smith et al. 2006). This results in V̇O2peak being associated with a greater 
POpeak and explains the greater POpeak, and shorter test duration, in RAMP compared to 
PRETmax in Study 2. Therefore, the 20 W·min-1 increment used in Study 2 could have 
prevented a true measurement of V̇O2peak being made, thus explaining why there was a trend 
towards V̇O2peak being greater during the PRETmax.  
Table 9.1: Summary of comparison between peak responses to PRETmax and RAMP in AB 
(Study 2) and participants reliant on MWP (Study 3). 
 Study 2 Study 3 
 PRETmax RAMP P PRETmax RAMP P 
V̇O2peak (ml·kg-1·min-1) 26.2 ± 5.1 24.3 ± 4.0 0.06 13.9 ± 5.2 14.8 ± 5.5 0.08 
POpeak (W) 110 ± 40 122 ± 34 < 0.01 76 ± 34 81 ± 28 0.16 
Duration (s) 600 ± 0 405 ± 85 < 0.01 600 ± 0 674 ± 191 0.25 
POpeak: peak power output; PRETmax: maximal perceptually-regulated exercise test; RAMP: ramp-incremented exercise test; V̇O2peak: 
peak oxygen uptake 
 Conversely, in Study 3, which used a slower PO increment, there was no difference 
between protocols in test duration or POpeak, though V̇O2peak trended towards being greater 
during RAMP. Notably, the median peak RPEO reported during the PRETmax was 19, despite 
the protocol requiring participants to exercise at RPE 20. Furthermore, the median peak 
RPEO during RAMP was indeed 20. This could be explained using motivational intensity 
theory (Brehm and Self 1989) and that participants were untrained or recreationally active 
participants reliant on MWP, who were unfamiliar with maximal intensity exercise. During 
the PRETmax, participants may have been exerting the greatest effort they were willing to, 
despite reporting RPE 19, and as such did not feel the need to increase the PO in order to 
reach RPE 20 (Wright 1998; Marcora and Staiano 2010). On the other hand, during RAMP 
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they could have felt compelled to continue to RPE 20, as they were not in control of setting 
the PO. If indeed this was the case, then it has important implications for implementing the 
PRETmax in participants previously unfamiliar with maximal intensity exercise, as they may 
be unable, or unwilling, to push themselves to reach the required RPE 20. However, the 
findings from Study 3 show that, even with a final RPE of 19, instead of 20, during the 
PRETmax, a valid and reliable measurement of V̇O2peak can still be made. 
9.2.3 Affect and exercise testing 
 Study 3 demonstrated that in participants with a disability, affect was more positive at 
RPEO 13, 15 and 17 during the PRETmax compared to RAMP. This corroborates research in 
AB adults performing recumbent cycle ergometry (Evans et al. 2014). A more positive affect 
during the test offers additional support for the use of the PRETmax protocol. For many 
participants, with a disability or not, they may never have performed a maximal exercise test 
before and it could be their initial involvement in a research study, or exercise regime. A 
negative experience of exercise could influence future exercise behaviour (Williams et al. 
2008). Therefore, practitioners and researchers may be wise to select a protocol shown to lead 
to a more positive experience for the participant. This seems a valid approach as the accuracy 
of the tests leading to improved affect has been demonstrated in Study 2 and 3. Even for 
athletic populations, who are likely to be familiar with maximal exercise, there is also no 
reason to not consider their affective responses and therefore advocate using the PRETmax. 
9.2.4 Prescribing exercise intensity during training 
 Exercise prescription guidelines for AB (World Health Organisation 2010; Garber et 
al. 2011) and SCI (van der Scheer et al. 2017; Martin Ginis et al. 2018) detail the training 
volume required in order to improve cardiorespiratory health and fitness. Fundamental to the 
guidelines are that exercise is performed at a “moderate” and/or “vigorous” intensity. 
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However, despite having practical advantages for its use, there has been insufficient evidence 
advocating RPE as a primary method of exercise intensity prescription during training 
(Garber et al. 2011). RPE has the benefit of being inexpensive, easy to understand and not 
requiring any technical equipment, so could potentially be implemented on a very large scale 
by individuals wanting to gauge their intensity simply while exercising. 
 The novelty of Study 4 was that it directly measured the V̇O2 and HR responses to an 
RPE-guided UBE training regime. Though the V̇O2 responses to RPE-guided training have 
been reported before (Parfitt et al. 2012, 2015), they were based on an estimation rather than 
a direct measurement, and limited to LBE. The benefits of direct measurements of 
physiological responses include more accurate evidence to the method of RPE-guided 
training. Support for RPE-guided training in AB performing UBE also provides a framework 
for future studies using participants reliant on UBE modes. 
 In non-UBE trained AB, average responses to 4 weeks of HC training at RPEO 13 
were 66 ± 13% V̇O2peak and 75 ± 8% HRpeak, synonymous with the description of “moderate” 
and “vigorous” exercise intensity (Garber et al. 2011). These results support the validity of 
using RPE as a primary method of exercise intensity prescription during UBE training. The 
findings also provide evidence as to the reliability of RPE-guided training, with the CV in HR 
response between consecutive training sessions 2.8% for RPE-guided and 3.4% for PO-
guided training, respectively. With participants able to reproduce the physiological stimulus 
throughout the training period, using RPE as a primary method of exercise intensity 
prescription is shown to be reliable. This is the first such evidence and is valuable 
information for researchers and practitioners wanting to employ an easy method of 
implementing exercise interventions on a large scale. 
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 There are though important factors to consider when interpreting the results of this 
study. The AB participants were highly-active university students, so it is not known how 
these results may generalise to either older adults and those with lower habitual levels of 
physical activity. The protocol also utilised a supervised training programme whereby the 
investigator was present at each training session, with training also performed in a laboratory 
setting. These factors limit the ecological validity of the study, as for community-dwelling 
individuals, exercise is typically unsupervised and not performed in a laboratory. Being a 
supervised programme allowed participants to be instructed prior to each session on the use 
of Borg’s RPE scale (Borg 1998), thereby reinforcing the requirement of exercising at RPEO 
13. However, this also does not generalise to real-world settings. Therefore, though Study 4 
investigated RPE-guided training in a well-controlled manner, more ecologically valid 
studies are required to investigate the use of RPE-guided training away from laboratory 
environments. 
 Study 4 also showed the average affective response to training at RPEO 13, or 
equivalent PO, was positive (FS rating: 1 ± 2). It was though hypothesised that RPE-guided 
training would lead to a more positive affective response than PO-guided training. This was 
based on research showing more positive affect during exercise at a self-selected, rather than 
imposed, intensity (Rose and Parfitt 2007; Hamlyn-Williams et al. 2014). As well as the 
practical benefits of using RPE to prescribe exercise intensity, allowing participants to select 
their workload may also serve to support adherence to a training programme through an 
increase in affect (Williams et al. 2008). Though there was no difference in affect between 
the self-selected (RPE-guided) and imposed intensity (PO-guided) groups in Study 4, it is still 
important to highlight that affect was positive at RPEO 13. However, this may also be 
confounded by the participant group used as they were highly-active University students. 
Previously, during production exercise at the same RPE, though %V̇O2max was equal, affect 
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was significantly less positive in those with lower levels of physical activity (Parfitt et al. 
1996). Therefore, for adults with lower levels of physical activity it may be necessary to 
lower the RPE value used to prescribe the exercise intensity, in order to maintain a positive 
affective response. There would though be a requirement to ascertain if RPE-guided training 
at a lower RPE value still produced a physiological response that satisfies the description of 
“moderate” to “vigorous” exercise (Garber et al. 2011).  
9.2.5 Contributors to the generation of RPE during UBE 
 Though the findings of this thesis serve practical purposes regarding the use of RPE 
for regulating UBE intensity during testing and training, they also contribute to the literature 
pertaining to the origin of the RPE response. Through using participants who were previously 
unfamiliar with UBE, Study 4 provides insight into how the relationship between RPE and 
exercise intensity changes as a result of a period of upper body training. Study 5 subsequently 
investigated the effect of CSCI on the differentiated RPE responses to MWP.  
 The results of Study 4 showed that the average %V̇O2peak (63 ± 15% versus 70 ± 14%) 
across RPEO 11, 13, 15 and 17 significantly increased from pre- to post-training. Furthermore, 
in Study 5, while AB demonstrated a significant difference between RPEP and RPEC from 
50-100% V̇O2peak, this was not evident in trained WR players without CSCI. Combined, these 
findings suggest that the relationship between RPE and V̇O2 changes with increased UBE 
training status, a phenomenon that is not apparent in LBE (Ekblom and Goldbarg 1971; 
Bolgar et al. 2010). The musculature of the upper body contains a greater proportion of Type 
2 muscle fibres compared to the legs, typically resulting in a reduced oxidative capacity 
(Ørtenblad et al. 2018). However with UBE training, despite no change in the fibre-type 
distribution of the muscle, mitochondrial volume and oxidative capacity of the upper body 
musculature significantly improves (Ørtenblad et al. 2018). It is possible that the changing 
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profile in metabolic capability with UBE training contributes to the observed effects of 
training status on RPE responses to UBE. 
 In addition to the finding of increased RPEP compared to RPEC in AB in Study 5, the 
AB group also showed significantly greater RPEP at 50-100% V̇O2peak compared to the WR 
players with CSCI. This was accompanied by a greater RER from 50-100% V̇O2peak, as well 
as a higher [BLa]peak in AB, despite no difference in propulsion speed between groups. 
Though no measure of central motor command was made, so it’s role in the RPE response 
cannot be discounted, the increase in RPEP in AB compared to CSCI could well be linked to 
the increased RER and [BLa]peak. The increased glycolysis in AB would increase the 
production of intramuscular adenosine diphosphate, lactate and inorganic phosphate (Egan 
and Zierath 2013), leading to greater levels of afferent feedback and, potentially, the 
subsequent increase in RPEP. This would therefore appear to support a role of afferent 
feedback in the generation of RPE. 
 Study 5 also showed that WR players with a disability other than CSCI have greater 
RPEC at the same relative intensity, compared to those with CSCI. This was accompanied by 
greater propulsion speed, V̇E and HR. Therefore, the greater RPEC could be reflective of the 
increased central motor command directed to the heart and respiratory muscles, required to 
further increase their V̇E and HR. However, due to greater level of active ventilatory muscle 
mass in those without CSCI (Krassioukov 2009), there could also be increased afferent 
feedback from the musculature contributing to the increased RPEC. In conclusion, these 
findings contribute to the ongoing debate as to the origin of the RPE response, specifically 
whether central motor command and/or afferent feedback play a contributory role (Pageaux 
2016). However, the cross-sectional study design of Study 5 prevents further insights being 
gained and as such further investigations are needed. 
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9.3 Future directions 
 This PhD thesis has investigated the application of using RPE to prescribe and 
regulate exercise intensity during UBE. The experimental chapters have studied RPE in both 
AB and participants with a disability, as well as in exercise testing and exercise prescription 
settings. Though the research findings contribute to the knowledge within these areas, they 
have led to further research questions that require attention. 
9.3.1 Borg’s 6-20 versus CR-10 
 Published by Borg and Ottoson in (1986), a transformation table (Table 2.3) presents 
Borg’s 6-20 RPE scale, and the corresponding value on the CR-10. This allows a comparison 
to be made between ratings using Borg’s RPE scale and the CR-10 and could be used when 
assessing studies that have used the different scales. For example, Studies 1-4 of this thesis 
use Borg’s RPE scale, with Study 5 using the CR-10. However, in addition to not having 
been corroborated by subsequent research, the transformation is based on AB performing 
LBE, so may not be generalisable to UBE. Given the impact of UBE training status on RPE 
responses that have been found in this thesis (Studies 4 and 5), the relationship between RPE 
on Borg’s RPE scale and CR-10 may also change with training. Thus, the transformation 
between Borg’s RPE scale and the CR-10 needs to be examined in those with increasing 
levels of UBE training status.  
 A transformation between Borg’s RPE scale and the CR-10 would also have 
particular relevance for adults with SCI. A systematic review of studies investigating the 
validity and reliability of RPE in adults with SCI found that all utilised Borg’s RPE scale, and 
none the CR-10 (van der Scheer et al. 2018). However, the CR-10 has been widely used to 
implement the intensity during training interventions in SCI (Hicks et al. 2003; Valent et al. 
2010; Kim et al. 2015; Nooijen et al. 2015; Pelletier et al. 2015; Totosy de Zepetnek et al. 
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2015; van der Scheer et al. 2016). With the lack of evidence supporting the validity of the 
CR-10 in SCI, a specific transformation between Borg’s RPE scale and CR-10 in SCI may 
aid the subsequent implementation of training interventions using the CR-10. 
9.3.2 Classification of exercise intensity in SCI 
 As noted throughout this thesis, fundamental to exercise prescription guidelines, 
whether for AB (Garber et al. 2011) or SCI (van der Scheer et al. 2017; Martin Ginis et al. 
2018) is the prescription of moderate and/or vigorous intensity exercise. Within the AB 
guidelines practitioners or researchers can subsequently refer to criteria (Table 2.1, p. 10) 
defining the thresholds for different exercise intensities (Garber et al. 2011). An equivalent 
resource, however, is not available for adults with SCI, which serves as a limitation for 
prescribing interventions in this population. This reinforces the need for the development of 
such classifications of exercise intensity in SCI. Furthermore, linked with the previous 
section, these classifications should include specific ranges in RPE for both Borg’s RPE scale, 
and the CR-10. 
9.3.3 RPE-guided training in SCI 
 Study 4 demonstrated that RPE can be reliably used to prescribe the exercise training 
intensity in AB performing HC exercise. However, these findings cannot be generalised to 
participants with SCI due to differences in RPE responses between AB and SCI, as found in 
Study 5. Therefore, it remains to be demonstrated that RPE can be used to implement the 
exercise intensity during a training programme in participants with SCI. The validity and 
reliability of using RPE in SCI has been reviewed, with the conclusion that there is very low 
confidence in the practice (van der Scheer et al. 2018). The practical benefits, namely cost-
effectiveness and ease of application, for using RPE in AB also apply to the SCI population, 
Furthermore, whilst AB can use HR as a marker of exercise intensity, in those with CSCI 
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where HRpeak is blunted due to their paralysis (Coutts et al. 1983; Leicht et al. 2013) this may 
not be as appropriate. Therefore, there is a need to provide community-dwelling individuals 
with SCI with a valid and reliable method with which they can monitor their exercise 
intensity in accordance with the SCI exercise prescription guidelines (van der Scheer et al. 
2017; Martin Ginis et al. 2018). 
 For future investigations into RPE and SCI there are a number of factors that need to 
be considered when designing the experiment and interpreting the results: the lesion level of 
the participants; their injury completeness; and their time since injury. Participants with 
paraplegia and tetraplegia show different relationships between differentiated RPE and 
exercise intensity (Au et al. 2017). This could be due to the increase in active muscle mass in 
participants with paraplegia leading to greater afferent feedback and therefore RPE. However, 
it means that within the setting of exercise prescription, different RPE values may relate to 
the descriptions of “moderate” and “vigorous” intensity for those with paraplegia and 
tetraplegia. Furthermore, increasing degree of injury incompleteness may also lead to 
increasing levels of active muscle mass and thus afferent feedback, potentially impacting on 
RPE responses. To the author’s knowledge there is no investigation of RPE responses 
between those with complete, and varying degrees of incomplete injury and is an interesting 
avenue for future research. Finally, studies investigating the validity and reliability of using 
RPE in SCI are limited to those with chronic SCI (time since injury > 1 year) (van der Scheer 
et al. 2018). It could be that individuals undergoing rehabilitation in the acute period 
following SCI have different RPE responses to those with chronic SCI. Given the 
pathophysiological intricacies of SCI, understanding how time since injury, lesion level and 
lesion completeness impact on RPE responses is of vital importance in being able to provide 
comprehensive evidence as to the use of RPE in the SCI population.  
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9.3.4 RPE-guided training: methodological considerations 
 The findings of Study 4 suggest that training at RPE 13 is a repeatable form of 
exercise prescription. However, during the study participants were supervised by the 
investigator for all training sessions. Participants were also instructed on the use of the RPE 
scale prior to each session. This methodology allowed a rigorous investigation into RPE-
guided training but with limited ecological validity. Future studies should incorporate i) 
unsupervised training programmes, ii) varying levels of prompting regarding the use of RPE 
and iii) studies conducted outside of a laboratory, in order to more closely represent the real-
world environment. Participants with lower levels of baseline physical activity also need to 
be studied as, arguably, this population could benefit most from involvement in exercise 
training. In people with lower levels of physical activity, affect is more negative at the same 
RPE compared to a more active group (Parfitt et al. 1996). Therefore, in order to maintain an 
appropriate balance between affect and an exercise intensity that will lead to beneficial 
physiological adaptation, the RPE prescription may well need to differ based on the 
participant’s initial level of activity.  
 This PhD thesis also shows how the relationship between RPE and V̇O2 changes with 
exercise training during UBE, as well as the relationship between differentiated RPE and 
exercise intensity. Given the perceptual dominance of RPEP in those unfamiliar with UBE, 
potentially it would be more appropriate to use RPEP to prescribe intensity during the initial 
phases of a training intervention. However, this may also depend on the intensity prescribed. 
In untrained AB performing MWP, following an estimation trial at 40% V̇O2peak, using RPEP 
led to a significant over-production in V̇O2, though RPEO led to V̇O2 similar to the target 
level (Paulson et al. 2013a). In contrast, the V̇O2 was similar between the estimation trial at 
60% V̇O2peak, and production trial that used RPEP, whereas the V̇O2 when using RPEO was 
significantly lower than the target (Paulson et al. 2013a). These findings show the complexity 
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of using RPE-guided exercise prescription in participants unfamiliar with UBE. There is a 
greater need to understand the relationship between differentiated RPE and exercise intensity, 
and how these change with UBE training. This can then be used to inform specific RPE-
guided exercise prescription based on the UBE training status of the participant. 
9.3.5 RPE in UBE high-intensity interval training  
 The evidence presented thus far as to the use of RPE-guided exercise prescription has 
been limited to moderate intensity continuous training. An alternative that is becoming 
popular within the fitness industry and research settings alike is that of high-intensity interval 
training (HIIT) (Milanović et al. 2015). HIIT is characterised by short, near maximal (> 80% 
HRpeak) bouts of exercise, interspersed with periods of either rest or low intensity exercise 
(MacInnis and Gibala 2017). When matched for the amount of overall work performed, HIIT 
leads to even greater improvements in V̇O2max compared to moderate intensity training 
(Milanović et al. 2015), with improvements still found even when performing “low-volume 
HIIT” with a reduced exercise volume (Gibala et al. 2012). HIIT therefore appears a feasible 
option for improving CRF and health, as well as being a time efficient form of exercise 
session (Gibala et al. 2012). The benefits of using RPE for prescribing exercise intensity 
during HIIT serve the same purpose as with moderate intensity continuous training, 
specifically the ease of application and potential improvement in affective response. During 
UBE, studies implementing HIIT are limited to those using HR to prescribe the intensity 
(Schoenmakers et al. 2016; Chaikhot et al. 2018). RPE though has been used to successfully 
regulate intensity in healthy AB individuals during treadmill running (Ciolac et al. 2015). 
 Given the apparent superior physiological adaptations with HIIT, it is a form of 
training that also requires further attention in participants with SCI (Nightingale et al. 2017). 
In this population, despite higher V̇O2, RPE and [BLa] during HIIT, it elicited higher 
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enjoyment post-exercise than moderate intensity exercise (Astorino and Thum 2018). A 
home-based, unsupervised HIIT intervention has also been shown to be feasible and safe in 
adults with SCI, though potential concerns over exacerbating shoulder pain need to be 
considered when implementing such interventions (Gauthier et al. 2018). That said, using 
RPE to regulate HIIT in SCI, using estimation-production procedures as part of i) supervised, 
ii) unsupervised, iii) laboratory-based and iv) community-based interventions is an area that 
warrants further investigation for the purpose of improving the health and fitness of the SCI 
population. 
9.3.6 Mechanism for the generation of RPE 
 The mechanisms underpinning the generation of the RPE response remain debated 
(Pageaux 2016). By comparing the RPE responses between participants with and without 
CSCI during MWP, the potential role of afferent feedback in the generation of RPE has been 
investigated (Study 5). However, subsequent experiments in participants with complete CSCI 
could be far more revealing. Though their paralysis means participants with CSCI cannot 
actively contract their leg musculature, the muscles can be electrically stimulated, resulting in 
functional electrically-stimulated cycling (FES-cycling). When combined with ACE or HC 
the result is a hybrid form of exercise involving LBE and UBE. Using participants with CSCI 
and hybrid exercise presents a model by which to examine the role of afferent feedback in the 
generation of RPE. Previously, when HC-only and HC-FES cycling hybrid exercise were 
performed at the same absolute power output, there was a tendency for lower RPEO, RPEP 
and RPEC during the hybrid exercise (Paulson et al. 2014). In the absence of afferent 
feedback from the lower limbs during the FES-cycling, because of the complete CSCI, this 
could explain the reduction in RPE. However, the findings are not conclusive as the PO 
performed by the arms was not matched between trials. Future studies should control the 
absolute PO during UBE between UBE-only and hybrid exercises. Control should also be 
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placed on the relative intensity in relation to the mode-specific maximal responses in order to 
further investigate the supposed role of afferent feedback in generating RPE. 
9.4 Closing statement 
• This PhD thesis has investigated the application of using RPE for prescribing exercise 
intensity during UBE testing and training, within AB and populations with a disability. 
• Using RPE has been consistently shown to be a feasible method of exercise intensity 
prescription.  
• However, this thesis has demonstrated, in particular, that UBE-specific training status, 
significantly impacts RPE responses. Further research is, therefore, required in order to 
better understand this and improve the subsequent real-world application of using RPE 
to guide UBE training intensity. 
• Finally, this thesis has contributed to the ongoing debate as to the mechanism behind 
the generation of the RPE response and identified future research that can continue to 
develop knowledge in this area. By understanding what contributes to RPE, the process 
of applying RPE for exercise intensity prescription can, ultimately, be enhanced. 
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